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THE OXYGEN (X)NTENT OF ARTERIAL BLOOD IN DOGS 
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It has been observed repeatedly in this laboratory that dogs are quite resistant 
to anoxia resulting from exposure to low barometric pressure. They remain 
active and conscious during considerable periods of exposure to pressures at 
which men quickly become unconscious. Obviously dogs either remain con- 
scious in spite of a low arterial oxygen saturation or they compensate more 
completely for low tensions of oxygen in inspired air and maintain a higher oxygen 
saturation of the blood than does man. l^'o distinguish lietween these possi- 
bilities a series of dogs were exposed to low barometric pressures in a decompres- 
sion chamber and the oxygen saturation of the blood determined. 

Methods. Unanesthetized healthy dogs breathing air were used. Blood 
samples were drawn at ground level and at altitudes between 5000 and 35,000 
feet from the femoral artery into syringes coated with paraffin oil. Heparin was 
the anticoagulant. Duplicate analyses of each sample of whole blood for 
oxygen and carbon dioxide were made according to the manometric method of 
Van Slyke and Neill (11). The oxygen capacity was estimated in blood equili- 
brated with atmospheric air in a tonometer in a water bath at 20°C. All estima- 
tions were corrected to exclude oxygen in physical solution (8). 

The dogs were decompressed at a simulated rate of ascent of 3000 feet per 
minute in large well ventilated decompression chambers. Barometric pressure 
was measured with a mercury manometer and is reported as simulated altitude 
(hereafter referred to simply as altitude) according the the U. S. Standard 
Atmosphere Table. In about a third of the experiments two samples of blood 
were drawn from each dog, one at ground level (750 ft.) immediately before 
ascent and the other at altitude. In the other experiments blood was drawn 
only at altitude. The interval at maximum altitude l>efore blood was taken 
varied from 16 to 49 minutes. 

Results. Thirteen estimations of the oxygen saturation and carbon dioxide 

* Present address : Department of Anatomy, University of Minnesota. 

* Present address: Presbyterian Hospital of the City of Chicago. 
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content of arterial blood drawn from seven dogs at ground level were made 
(table 1). The oxygen saturation rangfed from 86 to 99 percent, the average 
being 96.26 percent. In ten of the thirteen estimations the oxygen saturation 
was 95 percent or more. One sample was 86 percent saturated, the other 

two between 90 and 95 percent. • j r ok 

The carbon dioxide content of whole blood in volumes percent varied from 26 
to 47 with an average of 35.47. Two thirds of the estimations were between 31 

and 40. . , , i .1 • • x 

Twenty-nine samples of blood were collected from eight dogs breathing air at 

altitudes between 5000 to 35,000 feet (table 2) . Most of the points on the curve 
in figure 1 are an average of three to five determinations made on blood from at 
least two dogs. At both 18,500 and 28,000 feet two samples of blood were 
collected. 

TABLE 1 


ANIMAL NUMBER 


1 

1 

1 

1 

2 

2 

3 

4 

4 

5 

6 
6 
7 


02Hb CONTENT 

OjHb CAPACITY 

SATURATION OF 
HEMOGLOBIN 

COl CONTENT 

VoL % 

VoL % 

% 

VoL % 

13.46 

13,69 

98.31 

34.59 

13.74 

14.31 

96.01 


14.55 

15.17 

95.91 

31.34 

15.84 

16.29 

97.24 

29.98 

19.96 

23.13 

86.29 

46.83 

18.46 

19.52 

94.57 

33.96 

21.38 

23.54 

90.82 

39.64 

23.00 

23.33 

98.59 

36.56 

21.97 

23.07 

95.24 

31.83 

16.83 

17.50 

96.17 

43.89 

13.99 

15.53 

90.08 

35.78 

15.80 

15.90 

99.37 

36.30 

19.94 

19.97 

99.85 

24.95 


HEMATOCRIT 


cells 

33 

35 

38 

40 

46 
45 
56 

55 

56 

47 

44 

53 


The extent of variation in the saturation at each altitude is shown in figure 1. 
At 35,000 feet one dog, number 7, had a saturation markedly greater than thc^ 
of the other four animals at that altitude. This one estimation raised the 
average of the group of five animals above the greatest saturation among the 
other four. The average saturation excluding this exceptional value was 20.22 
percent. Circumstance made it impossible to draw another sample of blood at 

this same altitude from dog 7. i • j 

A straight line appears to be the best fit to the average saturations at altitudes 
between 5000 and 35,000 feet (fig. 1). Except at 20,000 feet the average of the 
determinations does not vary from corresponding points on the smoothed curve 
by more than 4 percent. A greater number of determination at the several 
altitudes is, of course, desirable but it does not appear that additional estimations 
would make a major change in the curve. 

At altitudes above 20,000 feet the carbon dioxide content of arterial blood fell 
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rapidly (table 2), Between 5000 and 20,000 feet the carbon dioxide content was 
higher than at ground level. The ground level determinations were lower than 
those Stewart (10) reported for dogs. Since our samples at ground level were 
drawn whUe the animals were breathing rapidly in the excitement of being placed 
upon the operating table, hyperventilation may be responsible for the apparently 
low carbon dioxide content. 

At altitudes below 35,000 feet there was never any question of the dogs not 
being conscious. Even at 30,000 feet, where the arterial oxygen saturation was 
29.5 percent, the dogs were able to walk, reacted to light and sound, and tensed 
when the arterial puncture was made. After 21 to 30 minutes at 35,000 feet 
four of the animals were likewise conscious although the blood of one animal was 


ARTERIAL ©2 SATURATIONS AT VARIOUS ALTITUDES 



Fig. 1. Arterial O 2 saturations at various altitudes. 


only 15 percent saturated. Iwo of the animals Avalked about the chamber, 
two were unable to walk but retained a measure of co-ordination in posture. 
All four lifted and turned their heads toward noise, reacted when the lights were 
turned off and on, or winked at a hand waved toward their eyes. Thus although 
these animals were extremely anoxemic and exhibited marked impairment of 
muscular co-ordination, it was our opinion that they were not unconscious. 

Dog number 2 at 35,000 feet was clearly unconscious. Five minutes after 
reaching 35,000 feet he was incontinent of urine. The body was quite relaxed 
and moving him onto the operating table elicited no reaction. He did not 
respond to sound, light or to the arterial puncture. The arterial oxygen satura- 
tion of this animal was 21 .8 per cent. 

Discussion. Stewart (10) reported the arterial oxygen saturation of a large 
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TABLE 2 

Oxygen and carbon dioxide conlent of arterial blood of doge exposed to 
reduced barometric pressure 


animal 

numbes 

SIMULATED 

altitude I 

TIME AT 
altitude 

OjHb 

content 

OjHb ^ 

CAPACITY 

3 SATUEATION 
HEMOGLOBIN 

CO, j 

CONTENT 

SEMATOCin 

3 

feet 

5,000 

minutes 

42 

27 

Vels. % 

17.04 

17.55 

Vol. % 

19.48 

19.79 

% 

87.47 

88.68 

Vol.% 

44.79 

39.26 

% CELLS 

46.5 

46.0 

8 

2 


34 

15.59 

18.10 

86.13 

35.27 

40.0 

2 

10,000 

24 

32 

15.55 

15.99 

18.83 

19.97 

82.58 

80.07 

42.48 

39.25 

49.0 

50.0 

3 

8 


42 

16.34 

20.44 

79.94 

36.27 

49.0 

2 

15,000 

35 

39 

13.03 

10.81 

19.67 

18.66 

66.24 

57.88 

36.36 

40.73 

48.0 

46.0 

3 

1 


20 

15.76 

21.66 

72.76 

32.36 

48.0 

4 

5 

18,500 

17 

16 

14.71 

9.83 

23.30 

15.95 

63.13 

61.63 

32.70 

36.60 

55.0 

46.0 

8 

20,000 

26 

43 

9.23 

7.53 

20.02 

19.02 

46.10 

39.59 

35.97 

37.05 

45.5 

45.0 

3 


IQ 

9.21 

19.33 

47.65 

33.46 

50.0 

3 


26 

10.61 

19.69 

53.88 

34.53 

46.0 

2 

3 1 


19 

8.52 

20.52 

41.52 

38.53 

50.0 

4 

25,000 

49 

30 

13.31 

8.68 

25.09 

21.05 

53.05 

41.23 

21.57 

36.90 

59.5 

46.0 

2 

2 


8.21 

19.97 

41.11 

38.42 


1 

2 

28,000 

28 

21 

7.56 

7,31 

20.71 

20.52 

36.60 

35.62 

22.80 

31.56 

49.0 

51.0 

1 

30,000 

25 

22 

3.65 

4.70 

13.60 

15.72 

26.84 

29.90 

13.08 

24.30 

38.5 

43.0 

6 

2 


23 

7.38 

23.23 

31.77 

24.31 

55.0 

7 

35,000 

29 

21 

8.55 

3.24 

20.12 

15.73 

42.60 

20.60 

9.86 

15.12 

51.5 

46.5 

6 


22 

2.38 

15.81 

15.05 

3.58 

39.0 

1 


30 

6.08 

21.66 

23.45 

17.17 

54.0 

8 

2 


24 

4.84 

22.20 

21.80 

16.37 

j 54.0 


what Even so the saturation would stUl be lower than that fo^d n the 
oresent study. Using a spectrophotometnc procedure Drabkin and Sc^dt (2) 
Ly^ted that blood coUected at the end of an inspiration was 98_5 perront 
■at^ed. Two samples collected at the end of expiration were 95.5 and 96.6 
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percent saturated. Recently Roughton et al. (9) liave shown that there are 
several sources of error in the usual Van Slyke procedure by which the arterial 
oxygen saturation is low by about 2 percent. If this correction is applied to 
our determinations the value of 97 percent is similar to that reported by Drabkin 
and Schmidt for dogs and to the value of 97 to 98 percent saturation which is now 
considered to be the correct value for human blood (2) (9). 

Opitz and Tilman (7) made a few estimations of the oxygen content of blood 
drawn from anesthetized dogs at simulated altitude. Above 20,000 feet their 
average saturations were 5 to 14 percent higher than the values determined in the 
present work. Since the blood was apparently drawn immediately on reaching 
an altitude the arterial oxygen tension may not have reached equilibrium. 

Gray (3) has compiled from several sources the oxygen saturation of arterial 
blood of men at altitudes up to 22,000 feet. The smoothed curve is reproduced 
in figure 1. In comparison with these data for man, the arterial oxygen satura- 
tion of dogs is from 9 to 10 percent lower. Hemingway (4) found a saturation 
of 56.6 percent at the moment when the subjects stopped writing at 35,000 feet. 

Man has an increasingly shorter period of consciousness above 20,000 feet. 
At 25,000 leet the period of useful consciousness is about tiv'e minutes and 
decreases to about seventy- five seconds at 35,000 feet (1) (5) (4) (6). In most 
of these investigations the end point was the moment when the subject stopped 
writing. Armstrong’s (1) subjects lapsed into coma after six minures at 25,000 
feet and one minute at 35,000 feet. In contrast to these observations, dogs still 
were conscious after exposures for from 19 to 49 minutes at altitudes between 
20,000 and 35,000 feet. Thus although anoxemia is more severe in dogs than in 
man at comparable altitudes, the dog is more resistant to the effect of anoxemia 
and retains consciousness for longer intervals. 

SUMMARY 

1. The oxygen and carbon dioxide content of thirteen samples of arterial 
blood from seven dogs at ground level and of twenty-nine samples drawn from 
eight dogs after 16 to 49 minutes at simulated altitudes from 5000 to 35,000 
feet was measured. 

2. The average arterial oxygen at ground level (750 ft.) was 95.26 percent. 
The average saturation decreased from 87.43 percent at 5000 feet to 24.68 per 
cent at 35,000 feet. The carbon dioxide content of whole blood fell from 39.77 
volumes percent at 5000 feet to 12.42 volumes percent at 35,000 feet. 

3. Four of the five dogs at 35,000 feet were judged to be conscious at the time 
blood samples were drawn; one dog was unconscious. 

. 4. The arterial oxygen saturation and length of consciousness are compared in 
dogs and in man. Dogs retain consciousness for much longer intervals than 
does man even though the arterial oxygen saturation of dogs is 9 to 16 percent 
lower than that of man at altitudes between 5000 and 22,000 feet. 
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Results derived from experiments carried out mainly on small smimaLs during 
the early part of the war have recently been reported (Pertzoff and Britton, 
1945, 1949; Britton el al., 1946). More particular inquiry into circulatory, 
cerebral and other changes brought about by high accelerations has-been made 
in the past three yeare and may now be discu.ssed. It demands no keen insight 
to visualize the need for more intimate knowledge of functional disturbances 
refetable to acceleratory and deceleratory forces, with the present and immedi- 
atcl> anticipated developments in aerial tra\’el. While high velocity motion 
at uniform speed and direction does not give us phy.siological concern, bodily 
changes induced by starting and stopping the physical machinery (perhaps some- 
what suddenly now and then), or changing the direction of mov ement, may be 
of no small caliber. 

Appakatijs and methods. The greater part of our work was carried out on 
a centrifuge with 2()-fdof heavy steel revolving beam, tapered and fitted at the 
end (of each 10-foot arm) for carriage of apparatus. Animal holders were 
attached to the rotors, sometimes inside a low pressure chamber, and mano- 
meters for blood pressure and blood flow, movie camera and lights, terminal 
boxes, etc^, were fixed in vuirious positions on the centrifuge. A counter-w'eight 
was list'd on one arm when one animal only (on the opposite arm) was under 
exposure. Electrical leads for E.C’.G., E.E.t!., blood pressure, timing, etc., 
pas.sed back along the centrifuge arm, through concentric rotating mercury pools 
(“slip-rings”) with platinum or copper dip-contacts, and overhead through heavy 
iron conduits to receiving and amplifying instruments in a separate observation 
cage. A pijN^-line to the pressure chambers on the centrifuge for air evacuation 
or compression and gas supply passed through a central slip-connection. The 
character of the experiments demanded great care to avoid electrical and other 
artifacts and enable optimal detection of minute electropotential changes during 
centrifugation. Concrete and steel barricades and various electrical devices 
were employed for personnel safety. 

The centrifuge was powered by a 75-h.p., 250 v. D.C. vertical motor with 
direct drive, capable of developing 120 r.p.m. Current was provided by a 100 
h.p. line-starter or motor-generator set, 220 v., 3-phase, 60-cycle; it was housetl 
in a separate building 50 feet from the experimental laboratory, to avoid electrical 
interference during tests. Controls were located in good view of the centrifuge 

* The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and Development 
and the University of Virginia. 
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and adjacent to the main mording inateumente. 

6 or 8 g were generally used, 25 or SO g (up to 120 r.p.m. at 10 ft. radius) ooidd be 

developed in two or three seconds. . ^ 

For^ determination of most of the arterial procure readings a mercury 
manometric system which recorded eleotrically **““7 r nlSteJm 

to that used by Jongbloed and Noyons (10^). A 

wire passed through and was fixed in a 1.5 mm.-bore pduated gl^ tube con 
taining the mercury column; it was then connected, t^ou^ a ^*’2 

slip-rings at the center of the centrifuge, to a modified d Areonval-bndge built 
around a micro-ammeter. Pressures were transmitted to the merci^ 
via the small reservoir at its base through a T-canni^ of suitable 

for the arteiy (usually between 16-20 gauge), inserted into the blood ve^l at 
its proximal portion towards the heart. The instrument, it may 1» noted, p^- 
sessed two significant electrical elements— the mercury column with practically 
infinite conductance, and the platinum wire with relatively high r^tance. 
Changes in the mercw height irere determined by changes in dectncal rrais- 
tance, indicated by the bridge-type meter. The mercury coton, pkced at 
a right angle to the direction of the acceleration, was found qmte stable in con- 
trol tests. By calibration of the meter readings with thore secured from the 
ordinary U-tube manometer, values were ascertained in millimeters of Hg (l 
mm. = c.0.2 ohm). Tins method, while not ideal, proved hi^y se^tive md 
gave fairly reliable results even under the severe conditions impos^ by high 
fOTces. In later experiments in which arterial pressure was studied, the mercury 
manometer readings were photc«raphed by “movie” camera dunng centrifuga- 
tion. Measurements of blood pressure were made by both closed and open 

vessel methods. ^ ^ 

Comparison of arterial pressure levels under acceleratory expire wm ma e 
with pressure readings derived from a hydrodynamic model, m l^ter con- 
sisted of two 150 cc. Ehrlenmeyer flasks, 30 inches apart (about the length of the 
animals used), to each trf which was attached at the base about 10 in. ^ass tubing 
of 3.0 mm. bore ; the ends of the latter were ccmnected by about 6 in. glass tubing 
trf 0.5 mm. bore, to provide a simple capillary reastance. The closed 
filled to about two-thirds with water under pressure of 120 mm. Hg. A 
needle, connected with the electrically-recording manometer, was mserted into 
the rubber tubing at one or the other end of the system. Such a mecbamcal 
model, it was thought, n^t ghte further insight into arterial pressure changes 

produced in an animal subjected to cmiteifugal forces. . a . 

For recordiBg arterial blood flow in animals during centnfugafaoh, a flow-meter 
based on the Venturi principle, somewhat similar to that desmbed by Wagner 
md Livingston (1928), was constructed. Tests were made with models of differ- 
ent shapes and sizes before oM was eventually adopted. The instant used 
essentially a neariy-dicular tube with ends below to cminect witti the artery, 
ead a central conetrieljife above, streamlined wrmuoh ns possible to prevent 
i gAiW in flow ; twri outlets above, rae placed as new a» possible to tte cc^toc- 
rion, vm. coniweied to a graduated, Averted U-tube containing physiological 


EFFECTS OF G FORCES AND PROTECTIVE AIDS 


9 


saline solution stained black. When blood passed through the flow-meter, pres- 
sure was built up proximally due to the constriction, and a difference in levels 
in the graduated inanometric tubes was set up; this difference reflected and was 
proportional to the rate of blood flow. The difference in levels was usually photo- 
graphed (16 mm. movie film, 8 frames per sec.), or sometimes read directly. 
Calibration was made l)y checking the instrument with whole or defibrinated ox 
blood at a wide range of flows and pressures. The device was readily responsive 
and showed only a small time lag. It was relatively insensitive to slight vibra- 
tions and rugged enough for use on the centrifuge. 

Experiments. Most of the experiments were performed on monkeys 
{Macacus rhesus), dogs and a few cats; they were usually not anesthetized, since 
it was clear that only slight discomfort, was involved. After a few trials, dogs and 
monkeys became well accustomed to the setting-up procedures on the centrifuge; 
the light strapping necessary for stabilization, and application of external leads 
for E.C^.C., E.E.G. and respiration, provoked little disturbance. Animals were 
frequently (juiet throughout most of the tests. While slight movement did not 
vitiate the records (E.E.G., etc.) derived from an animal, vigorous struggling 
was of course disturbing and showed on all tracings. In those instances in which 
minor surgical manipulations were necessary, ether or sometimes amytal and a 
local anesthetic were given; from 30-60 min. were then allowed for recovery be- 
fore tests were made. ( arotid, bracdiial and fcmoi*al arteries were commonlv 
used, and heparin wjls necessary. 

Hy far the largest group of experiments (over 80 per cent ) were non-lethal, 
reciuiring mainly skin electrodes for securing brain, heart and respiratory data. 
It was striking that animals given {)erhaps 50-100 exposures of 5-20 sec. each 
(somc’times 5-10 min. exposures w’ere made) at 1-6 g over a 3 or 4 hour period, 
once every 10-15 days, survived indefinitely in good condition. During a series 
of runs, rest intervals of 1-5 min. were allowed, according to the severity of the 
exposures. Parts of typical runs are shown in figure 1. Further technical 
details have been reported (Britton cl al, 1946). 

Results. Heart rate. An animal under positive g forces displayed quick 
acceleration of heart rate. This sensitive reaction showed w ithin narrow limits 
a proportionality to (a) intensity and (b) time of application of force. Figure 2 
illustrates tlie cardiac response of the monkey to forces up to 6 g given over a 
ixu'iod of 50 sec. ; the step-like progression of heart rate increase roughly approxi- 
mates the pattern of g increments. 

Increasing the time factor of exposure also affected cardiac responses. Nor- 
mal monkeys subjected to 6 g for 5, 10, and 20-sec. periods showed progressi\ely 
greater increases in heart rate, as indicated in figure 3 (73 cases). In the 5-sec. 
exposure, part of the increase occurred after stopping the centrifuge; at the end 
of the 20-sec. test, however, the rate fell quickly. Considering the areas covered 
by the three curves, i.e., below the normal blood level, the comparative values 
are 1.05 for the 5-sec., 2.00 for the 10-sec., and 4.00 for the 20-sec. test. Under 
high accelerations, therefore, the overall energy expended by the heart in at- 
tempting to maintain or restore normal conditions (e.g., cerebral circulation) 
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depends considerably on the time of exposure. The data derived from a larger 
series of animals were somewhat similar (table 1, A). 

During long runs of 3 min. or more, the heart rate showed the initial increase, 
sometimes to twice the normal rate, then gradually fell; usually it became seri- 
ously slow at the end of the test (table 1 , B). Recovery after stopping the cen- 
trifuge Avas usually rapid. In some cases, if the g forces were not over-severe, 
the heart rate was maintained at a high level throughout long exposure periods. 





Fig. 1. 

Rate and blood-pressure changes during acceleratory exposure are given in 
figure 4. A frequency-distribution graph showing normal heart rate and the 
maximal reached in 96 tests at 4 g is also given herewith (fig, 5). 

Under negative g forces of brief duration (2-6 g, 5-15 sec.), when the arterial 
pressure in the head is increased, the heart shows little or no acceleration. In 
15 cases (monkey) there was no change, in 16 there was an average decrease of 
8, and in 41 tests an increase of 3 beats per min. 

E.C.G, Changes in the electrocardiographic record were always observed on 
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SECONDS 


Fig. 2. 



SECONDS 

Fig. 3. 

centrifugation. Voltages were grossly affected in all leads: in the case of records 
from Lead I, RS potential fell; in those ffom Leads II and III, increases occurred. 
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TABLE 1 

Influence of g force* on cardiac actieUv 


DUKAnOM 

OtTMT 


5«C. 

5 

10 

20 

40 


MO. Of 
TESTS 


132 

217 

84 

42 


A. Monicey; « — 

1 heait »ate; m um. 

Befofre 

test 

•After 

surtins 

centrif. 

End of 
centrif. 

Max. 

increase 

Isuned. 

after 

centrif. 

220 

224 

232 

12 

231 

224 

229 

247 

23 

249 

223 

227 

248 

26 

242 

211 

229 

240 

29 

240 


E.C.G.— ItSi 


Before 

test 


•After 

stftrtliis 


1.76 

1.72 

1.72 


1.62 

1.42 

1.39 


♦ Within 3 sec. of start of run. 

B. Monkey: E.C.G. changes 



CONOmOMS 


Before test 
Under 6 g— -At 4* 

5" after stop 

Before test 
Under 6 g— At 4' 

5^ after stop 

Before test 

Under 6 g— At S*' 

6'' after stop 

Before test 
Under 6 g — At 8"^ 

6' after stop 

I Before test 
I Under 4 g— At 
i Under 4 g—At 125'^ 

Under 4 g-^ At 300'' 

Under 4 g — ^At 360" 
Under 4 g— *At 420" 
Ipnder 4 g — At 48^" 
Under 4 g— At 570" 
After stop At 30" 
After stop At 90" 
Atop At 2^'^ 


B&d<^ 

centrif. 

Max. 

decrease 

Immed. 

Mtk 

centrif' 

1.05 

0.71 i 

1.49 

0.76 ’ 

0.03 

1.37 

0.72 

1.00 

1.25 


VT8EC.S. 

(1) 

SECS. 

(2) 

Ratio (1):(2) 

0.176 

0.237 

0.744 

0.163 

0.232 

0.703 

0.171 

0.230 

0.744 

0.192 

0.266 

0.722 

0.169 

0.233 

0.726 

0.205 

0.280 

0.733* 

0.176 

0.248 

0.706 

0.166 

0.232 

0.712 

0.172 

0.240 

j 0.717 

0.187 

0.267 

0.728 

0.163 

0.237 

0.689 

0.168 

B.237 

0.709 

0.185 

0.260 

0.740 

0.172 

0.231 

0.745 

0.167 

0.231 

0.723 

0.173 

0.588 

0.294 

0.175 

0.508 

0.346 

0.180 

0.510 

0.363 

0.166 

0.547 

0.302 

0.210 

*0.767 

0.274 

0.182 

‘ 0.277 

0.668 

0.171 

0,292 

0.686 

0. 180 

0*.268 

1 0.672 
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lateral homologous area were utilized proximally, each in circuit with the opposite 
pinnal root as the remote electrodal area. No differences in results were found, 
however, when the homolateral ear or various cranial areas were used for the 



indifferent elecitrode placement. In all routine procedures, therefore, essentially 
monopolar leads were involved. Careful placement of electrodes was important 
and gave uniform results. 
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E C G. records obtained from the left (a m^ed 

reductM®, while simultaneoudy f r^ ^ reduced in the former 

^deotroto 

maimte RS pote»li»i reduction, and striking decrease m tire T-wave, 

*Z^RS. anrpiitnd. on centrilugato are dronu, in^le 1, 
fimire 1 A reciprocal correlation between RS 4 change and heart rate « 

is SS. Poaitir« and dope of the iinear rdatrondup vaned n. 


ifferent individuals tested. rv^nnWR to 6 c for 

TT"‘ If 

within the first few seconds after stopping the 

test conditions did not occur untU several imputes later. The 1* K mte^a 
Aowed a reduction towards the end of the run, but rote sharply m ^^“^so 

!n!irat the stop and for a few seconife after centrifugation. Anatysis ateo 
dcctcal axis of tire l.«rrt varied lO-id* on «rpc.urc h. 6 g for 

^”'^'rpach a better understanding of the conditions noted above, especially RS 4 

and oDenina: the large connecting vessels (aorta, vena cava, etc.) 

+imM^rhest and h^ leads for E.C.G. were applied over various arete, 

S. idiVpdentid changes irrdtoW ^ k»ds &«» 

sis, produced irugdy by prdtto of the heart and rn part by the anrount 

'‘^'^btelCtdSri2™.^K“2on,'.a.tcst^. 
knlrEn up, -«. do.™, and combtoatiorj. of these » 

were Dressed over the front of the body (aWomen). AUt^r^nt 

miL treasure Carotid, brachial and femoral vessds were u^ in 
Js^TLrSXiu tie supuu, positic., P"*”” “ 

IS^’Stobednril^. I« IXXl to 4^ 

^ 1^ luachial uteriai pressure lov.1 of cat. occurred on ekpoaure to 4 g 
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for 10 sec. (tabe 2, A). In 22 tests the average decrease was 58 from a pre- 
exposure level of 106 mm. Hg. Usually, arterial pressure began to fall sharply 
after centrifugation for two seconds, while the g level was rising. This con- 
trasted with a relatively slower rise in pulse rate, usually in 3 or 4 sec., and 
(usually) a long post-exposure tachycardia. Arterial pressure changes in the dog 
under various g levels are shown in figure 6. 

Curves of arterial pressure and positive acceleration (monkey) showed a rough 

TABLE 2 


Protection against acceleratory forces by pelvic belt 
A, Cat: Brachial arterial pressure; 4 g, 10 sec. Total no. tests, 62 


NO. or IXSTS 

B£1.T PSESSX7BES 

AXTEXIAL PKESSUBE 

Before test 

During test 

Change 


mm. Hi 

mm. Hi 

mm. Hi 

mm. Hi 

8 

0 

90 

39 

-51 

6 

300 

112 

67 

-45 

8 

0 

116 

51 

-65 

6 

300 

126 

91 

-34 

6 

0 

115 

58 

-57 

18 

300 

128 

98 

-30 


Average arterial pressures: 

Belt pressure 0 mm. Hg 22 cases: Change —58 mm. Hg. 

Belt pressure 300 mm. Hg 30 cases: Change —34 mm. Hg. 


B. Monkey: 6 g. Test on collapse, shown by respiratory and heart failure, and time of 

suppression of brain waves 


MONKEY NO. 

WITHOUT BELT 

WITH BELTf 

Survival time to 
collapse 

Time to extinction 
of brain waves 

Survival time to 
collapse 

Time to extinction 
of brain waves 

1 

y40'' 

22' 

3' 02' 

2' 37' 

2 

V 4r 

(r41')* 

5' 52' 

(5' 52')* 

3 

2' OS-' 

r 24' 

7' 03' 

6' 40' 

4 

1' 25-^ 

1'09' 

8' 10' 

7' 00' 

5 

6' OO-' 

2' 49' 

ir49' 

4' 39' 

6 1 

4' 15' 

(4' 16')* 

ir 08' 

(11' 08')* 

7 ' 

4' 32' 

2' 10' 

5' 23' 

4' 20' 

8 

2' 02' 

(2' 02')* 

16' 46' 

(16' 46')* 

9 

2' 00' 

1'22' 

10' 00' 

(10' 00')* 

10 

1'44' 

1'40' 

11' 45' 

(11' 45')* 

11 

V 37' 

1'37' 

9' 18' 

9' 10' 

12 

2' 06' 

r35' . 

4' 51' 

3' 03' 

Averages. ...... 

2' 36' 

2' 06' 

8' 46' 

7' 35' 


• No extinction of brain waves, 
t Usually 250 mm. Hg recorded pressure. 
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TABIiE ^Concluded 



Average heart ratea: 

Belt, 0 mm. Hg (controls) 
Belt, 76-260 mm. Hg 


74 cases: Change, +24/min. 
66 cases: Change, +10/min. 



Fig. «. 
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reciprocal relationship for the brachial, and a direct relationship for the femoral 
vessel (fig. 7). There commonly occurred an increase over the resting pressure 
level within a few seconds after stopping the centrifuge. 

Comparative readings of carotid pressure changes under g were taken early in 
our work with the distal part of the artery (a) closed, and (b) open. After 
centrifugation, a rebound effect was much more apparent, as expected, in the 
case of tests with the vessel closed (fig. 8). To preserve conditions as near 
normal as possible, all experiments following the preliminary tests were carried 



out with the vessel open, thus maintaining through circulation in both carotid 
(or femoral) arteries. 

The average minimal or maximal arterial pressures during tests have been 
plotted as a function of maximal g reached during the runs. For all (positive) 
exposures a straight line gave a good approximation of the experimental data: 

Minimal arterial (brachial or carotid) pressure = 107 - 16 x g 
(13 monkeys, 220 tests) 

The linear relationship held true for decreases in the brachial as well as in- 
creases in the femoral arterial pressures. Thus, a given change in acceleration 
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Droduced the same (unit) change in Wood pressure at aU force levels up to 6 g. 
In a few cases in which decreases were large per g umt, there were definite m- 
dicatioDS of reduced resistance on the part of the animal organism. 

Using the hydrodynamic model described above in an attempt to imitate the 
behavior of a Uving organism, curves of pressure chants under g 
found to be rather similar to those of brachial arterial pressure. They were, 
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I 

however, more U-type than V-type in character (fig. 9). This was probably 
referable to rigidity of much of the (glass) material of the model, in conW to 
the elastic tissue in the animal organism. Also, there were occasional tanks 
in the arterial pressure curves. Considering the minimum water pressures 
reached in the model under different e^osures against maximum g force, the 
relationship was a strai^t line for which the equation is: 

"I Minimal water pressu^ 

Bhad jfm. Eeduction of blood flow in the head end of an animal (dog, mon- 
key) siibiected to positive g forces could be detected within one or two seconds 



WATER PRESSURE mm. Hg 
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after the test was started. A minimal level was reached in a standard 10-sec. 
run from 4 to 6 seconds after the start of centrifugation. There was a general 
correspondence with the changes in arterial pressure taken simultaneously, as 
shown in the curves herewith. At 3 or sometimes 4 g the flow in the carotid 
artery imually reached zero levels, or even showed slightly negative values. The 
depre^ions in blood flow showed a proportionality to applied g forces. After 
stoppmg the centrifuge a rebound effect, persisting for 30 sec. or more and with 
flow values reaching 25 per cent above normal, was commonly observed (fig. 



Fig. 9. 

The deficiency in blood flow during an exposure, i.e., the cubic centimeters 
of blood which failed to reach the head end of an animal during a run, was deter- 
mined by the area below the normal blood flow level. Calculations made from 
data derived from a large number of experiments fit the equation; 

cc. deficiency — 0.82 = 1.7 In g 

This relationship may indicate that blood flow changes are not a function of g 

difference as such, but of ^ a phenomenon observed in certain physiological 
activities. 

Transverse g effects. Several dogs and cats were given 10 sec. exposures to 
forces up to 8 g applied in the transverse direction, left to right, with the animal 
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in the supine position. 

under ^ g, however, accompanying increases in heart rate, 

cent above normal were often fo^ / o^keys <k>gs, cats, rats), respiratory rate 
Reapiraium. In aU “^^^.^^^^T^rltorv period; only occasionally were 
was inhibited throughout mM o ^3 (volume) of respiration was in- 
brief increases in rate noted. ^nkeys the respiratory rate showed 

creased for short periods, n ^ .. gQ pgj cent during tests at 6 g 

an average decrease of shghtly more than 5 U per ce ^ 





seconds 
Fig. 10. 


• t inspc to bmin. After exposure tjie rate increased 

for periods rai^png from 10 sec. to » “in. 

between 5 and 10 per cent for a and records were taken con- 

E.E.G. brain waVes, or t^^ 

tinuously thrmighout the tes . . auickiy (within the first second) on ex- 

and low frequency, commonly appea ^q throuf^out 5-sec. 

larger amplitude and Iqnger persifitenee. 
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The incidence of deltas was greatest during the longer runs of 30 sec. or more 
(fig. 11); dunng this period they showed a probability of occurrence of almost 
1.0 in tests at 6 g. In comparison, the probability figure was 0.73 during 10-sec. 
tests. For post-exposure deltas, the probability was about 0.7 for 20-sec. or 
longer runs. 

\\^le delta waves were characteristically seen, the effect of acceleration on 
medium-frequency, medium-voltage waves was less noticeable. The only change 
in the latter was a slight rise in frequency whenever a change in g forces occurred, 
i.e., there was a small rise on beginning centrifugation and also when the centri- 
fuge stopped. 



g-Ex posune- SECS. 

Fig. 11. 

“Alpha” waves were commonly present in the resting monkey (eyes bandaged) ; 
their incidence was quite variable— from 5-60 per cent of the record examined. 
The average frequency was about 7.7 per sec., and the average duration of bursts 
about 1.4 sec., in 240 determinations. These waves were abolished by centri- 
fugation. 

“.Expenmentof neurosis” and other tests. Attempts were made to produce 
“experimental neuroses” by frequent exposure of monkeys to high g forces. 
Animals were given runs on the centrifuge two or three times weekly. About 
50 runs at 5 g were made on each of 6 monkeys during an experimental period of 
several weeks. No treatment was given in 3 cases; in 3 others benzedrine (for 
“sensitization”) was given before every exposure. A siren was sounded close 
to the animal for 10 sec. immediately before each centrifuge run, and later the 
possible effects <rf the siren alone were tested. 

In no case, after two months of such tests, were any significant detrimental 
(cerebral) effects noted. There were moreover only slight signs of conditioned 
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reflex develraiment (by cardiac changes preceding a run) in a 

Dogs tested daily on the centrifuge at vwAcm g levels over a P®^ to^enjoy 

also showed no emotional instability; indeed, some animals appeared to enjoy 

the experience. 7 The use of a pelvic or abdominal belt under 

Protechve factors: Abdomtnalbett. ineuseo pe ti-v by 

pressure (usually a sphygmomanometnc cuff, inflated to 


an 


functions, 
to produce 
these cases 


burvivai Xiime buuuiiapoc o — ^ * j t 4- r^f 

extinction of brain waves was markedly lengthen^. 
the time element was multiplied many tunes (table A o). 



As shown by the electrocardiographic record, BSg ampUtu^ was mamtam^ 
wi^only slight decrease under 6 g in the case of belted monkeys, 
severe i^uctlons in the same animals when unprotecW- Id 

much less under g when abdominal pressure was applied (table. 2, C , figs. 12 and 

^^Limals also showed maintenance of arterial pres^re nearer normal le^ 
w^^Ven abdominal belt protection during accelemtoiT exp^urss. Jhe 
adS^antage varied between 1 and 3 g, inversely isJhe swenty of t*»®^*P^ 
(t^le 2A). telood flow reductions under moderate g forces were a,^ut half 
as areat only whrai an rfjdomin^ belt was applied; Tests made with an in- 
flaSile neck cuff at various pressures j^ve sli^t Or indefimte results. 
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Adrenalin effects. A number of tests were made on monkeys and cats, using 
different doses of adrenalin in oil and in aqueous solution, and various g levels and 
exposure periods. On giving adrenalin intravenously and exposing the animal to- 
acceleratory forces at intervals thereafter, some protection was afforded during 
the very short period when arterial pressure was normally elevated, i.e., by 
adrenalin. The brachial arterial pressure of treated animals was maintained at 
about normal under 1-3 g forces applied for 5-15 sec. ; in longer runs of a minute 
or two, or under 3-6 g, acceleratory forces overcame the hypertensive action of 
adrenalin. Even large doses given in oil offset for a short while only the in- 
fluence of high accelerations. 
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Discussion. Decrease of arterial pressure in the head end of the animal was 
specifically correlated with increase in heart rate during exposure to positive g. 
Femoral pressure showed at the same time a marked rise. When an abdominal 
belt or other protective measures were used, the (usual) heart rate and carotid 
pressure changes under g were reduced correspondingly. 

Little or no heart rate increase occurred on exposure of animals to g forces 
while under low barometric pressures, although the carotid pressure level was 
sharply decreased. In this case suppression of the tachycardic response to g forces 
was probably referable to the severe decrease in oxygen supply to the heart 
tissues. 

During negative g tests, when carotid pressure was increased, the heart rate of 
dogs showed insignificant change. A paradoxical bradycardic reaction was 
noted, moreover, towards the end of prolonged exposure to positive g, when the 
central nervous system was in serious need of blood supply. This probably repre- 
sented a failing myocardium, in view of the attendant severe oxygen lack. Rapid 
recovery of normal cardiac activity appeared on stopping the centrifuge. 
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Results indicate clearlv that the so-caUed “Marey Law” (Marey, 1863) is 
operable normally and primarily in the event of reduced circulation to the cere- 
bml tissues. Not even in this case does the “law” hold if moderate anoxia is 
induced, and cardiac acceleration may fail to occur although the brain is in 

arreat need of vascular support. , . , xu u • 

Sharp changes in E.C.G. during centrifugation, although explained on the basis 
of heart and blood shifts, afforded striking criteria of the effects of g forces on the 
body. The protection afforded by an abdominal belt was clearly shown by pres- 
ervation of normal E.C.G. voltages. . , . r 1 A 

Curves of blood pressure (and blood flow) derived from animals given 5 or 10 
sec. runs on the centrifuge at various g levels were not usually smooth in charac- 
ter There was thus some indication of the initiation of reflex activity, ap- 
parently in an attempt to offset cerebral ischemia, during acceleration. Slight 
irregularity of pressure and flow curves, suggestive of carotid smus intervention, 
appeared within 6 or 8 sec. after the start of centrifugation. 

In longer runs gross w'aves of arterial pressure change persisted for a minute oi 
two under severe g forces; they continued for some time after a run, indeed, 
when the carotid pressure had reached normal or supernormal levels. 1 he re- 
sponse of pressure-regulating mechanisms to gravity, somewhat slow m starting, 
may therefore be projected in time long after the initiating stimulus has been 

withdrawn. . i r v. i c 

Often a hundred or more tests were made, it may be noted, to establish aen- 

nitely curves of change (of blood pressure, blood flow, etc.) produced during ex- 
po.sure of a series of animals on the centrifuge. Spread of points derived from an 
individual or group was nevertheless not considerable, in view of the rather severe 

experimental conditions involved. 

The incidence of “delta” brain waves during and for sometime after centri- 
fugation was probably referable to the induced cerebral anoxia. Led by this 
idea, oxygen administration was tested, without producing any significant 
liencfit. The use of CO 2 , however, was foppd to be advantageous in raising 
resistance to acceleration. On giving CO* (usuaUy but not always with 0*) 
jTnmediately before exposure, it appears likely that cerebral blood flow was aug- 
m^tedr-this constituted a preparatory, resistant factor, and conferred a 1 2 
g advantage on the animal. 

. The protection provided against g forces by an abdominal cuff under pressur ; 
was strikingly shown by a number of different criteria used. In 4 cases, monkeys 
given such protection withstood 6 g for periods of 10 min. or more, compared 
to . the control average of 2.5 min. shown by the same animals (table 2, R). 
One protected animal survived a force of 6 times gravity for nearly 17 min., 
without showing cerebral (E.E.G.) failure. 

Little indication can lie given now of the work done on acceleration by many 
groups during the war. Reference may be made, however, to the splendid 
aceomplishments of the Mayo aero-medical unit, a partial report of whose work 
has recently appeared (Wood et al, 1946). Other workers have also pubhshed 
abstracts of their experiments in the past two years (Clark,. Drury; Maaske 
el al-, 1945-1946). 
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In a day when not only interprandial ocean-spanning is projected, but sub- 
terranean (vacuum-tube) as well as stratospheric travel at supersonic speeds 
by atomic propulsion is considered by high authorities, functional studies of 
those unique reactions provoked bj?' high acceleratory forces must surely be given 
greater emphasis. That aircraft performance easily outranks the resistance of 
the human mechanism is and will always be true. Biological investigator and 
engineer must rub wits together quite often, however, if the gap between mecha- 
nical and biological capacities is to be kept within reasonable (or survival) 
bounds. A timely, thorough and provocative consideration on this subject by 
Mcharland (1946) should be committed to mind and heart by physiologists 
and all who control aircraft output of any sort. 

Through vigorous prodding by war and its arbitraments, much fruitful work 
in this and near-related fields resulted. Now, simply to enjoy the argosies of 
r)eace (not to urge any idea of preparedness), it should at least be possible to 
maintain medico-physiological inquiry on a level commensurate with that of 
technological progress. Meanwhile findings such as those herein on one phas(3 
of the problem may simply be added to others more forcibly impressed by in- 
creasing contingencies in this sphere of man’s activity. 

SUMMARY 

A 20-foot diameter heavy ste<‘l centrifuge with blood-pressure and other de- 
vices attached for datei mining effects of accelerations up to 50 g is described. 
Results of tests on a large niimlx^r of monkeys, dogs and cats are given. 

Acceleration of tlie heart rate (5-30 beats) on exposure to positive g forces 
shows a proportionality to the intensity and time of application of the force. 

I nder prolonged exposure (5—10 min., 3—4 g) bradycardia and irregularity set 
in, but recovery was rapid on stopping the centrifuge. Negative g forces 
produced no significant change in heart, rate (dog). 

E.C.G. records derived from the left precordium showed marked RS4 voltage 
reduction during positive g exposure, while increase in voltage was shown by the 
right chest record obtained simultaneously. Experiments indicated heart posi- 
tion and blood content wem the responsible factors. 

Carotid (or brachial) blood pressure fell sharply under positive g forces, 
and the femoral pressure rise was eA^en more abmpt. Arterial pressure changes 
(carotid, brachial, femoral) showed a linear relationship to applied g stresses. 
A given change in acceleration produced the same unit change in arterial pressure 
at all force levels up to 6 g. 

The carotid pressure of monkeys under g forces was affected significantly less 
than that of cats and dogs. At forces Ixjtween 1—6 g, monkeys showed about 
1 g advantage over the latter animal types. 

(Changes in pressure in a hydrodynamic model under acceleratory forces were 
similar to arterial pressure changes found in animals. 

A carotid sinus reflex response affecting arterial pressure appeal's to be initiated 
6-8 sec. after starting exposure to high g forces. 

Blood flow reductions in the carotid artery occurred within a second or so 
after starting the centrifuge, and shoAved a proportionality to the acceleration 
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appUed. Under a force of 3 or 4 g for 10 sec., flow in the carotid or brachial 

vAssel usuallv reached the zero level. i 

TrLsverse forces (across the body) of 4-8 g produced moderate increases in 

liAflrt rate and carotid pressure and flow. . . . • 

On starting centrifugation, high-voltage low-frequency (“delta ) brain waves 
•ippeared in 75 per cent of monkeys tested within a second or so; sometimes 
thrv disappeared towards the end of a 10-sec. run, and appeared again when 
the centrfluge stopped. The probability of occurrence of “deltas was almos 

* ' Mtempte t^produce reflex responses and “experimental neuroses” 

. forces applied frequently over several months were nega- 

Considerable protection against g forces was afforded by a lielt 
the abdominal area inflated usually up to 300 mm. Hg pressure Survival time, 
F C G and E.E.G. values, and arterial pressure and flow levels were all sigpi 
„„tJy rfited. The .dvanwse .(forded by .bdomim.! l>elt p™ vnrf 
l“nd 3 g, .0 the severity of the exposoo-. Adremd.p gave 

moderate and very brief protection. 
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The results of many physiochemical studies of the disordered physiologic 
processes of the brain in convulsions (1) have led McQuarrie (2) to state that 
“the characteristic abnormality in epilepsy involves a disturbance in the sui- 
face functions of the brain cell membranes.’’ This conclusion is strongly sup- 
ported by the work of Spiegel and Spiegel-Adolf (3-5) and of Spiegel, Spiegel- 
Adolf and Henny (6, 7). They demonstrated by means of an electrical methml 
for measurement of cerebral cortical polarization that cortical permeability 
(which has an inverse relationship to polarization) is increased by various 
experimental conditions which produce a lowered convulsive threshold or actual 
convulsions 

C'icardo and I'orino (8, 9) also concluded, on the basis of their recent extensive 
work, that all bioelectric potential changes, including those associated with the 
disordered nervous discharges of convulsions, are the result of shifts of elec- 
trolytes which are associated with changes of permeability of cellular membrane. 
They report<‘d that cerebral ^’enous blood plasma of the dog contains an increasetl 
amount of potassium during induced convulsions, and that this additional po- 
tassium represents a loss from the brain since such increases occurred only in 
cerebral, and not in systemic, venous blood. Similar work by Kendall and 
Essex (10), however, is not in agreement with Cicardo and Torino’s findings, 
for they weie unable consistently to detect a significant increase of potassium 
content of cerebral blood resulting from experimental convulsions. 

Liebert and Heilbrunn (11) have used the method of micro-incineration to 
study the effect in vivo of metrazol and insulin on the mineral content of the 
brain of the guinea pig and of the rabbit. They reported that these substances 
induced changes of total ash in the cornua Ammonis and in various cortical 
areas. Micro-incineration in itself does not provide qualitative information 
on the various ash components, however, and in the present study a microciys- 
tallograpliic method was employed for analysis of micro-incinerated prepara- 
tions, to determine what changes of local distribution of potassium and sodium 
in the cerebral cortex might result from experimentally induced convulsions. 

Methods. Each experiment consisted, essentially, in taking a small control 
specimen of cerebral cortex from an animal, after which the animal or a litter 
mate was given one or more convulsions. Then a second cortical specimen was 

1 Abridgment of portion of thesis submitted by Doctor Golfer to the Faculty of the 
Graduate School of the University of Minnesota in partial fulfillment of the requirements 
for the degree of Ph.D. in Medicine. 
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removed for comparison with the control The distribution of electrolytes was 
studied by means of micro-incineration and cr>^stallographic analysis of the ash 

of the micro-iiKunerated spc^ciraens. L \ , ^ 

The experimental animals used were rats and rabbits. In all cases specimens 
wcra ^ from the cerebrum in the form of small disks of a standard size: 

6 mm in diameter by 2 mm. thick. A sharp cork borer served to make clean 
circular cuts perpendicularly from the cortical surface into the tissue, and a \ery 
small scalpel introduced as nearly parallel as possible to the cortical surface, 
II; used to Complete the separation of the disk. In most of tte experiments a 
control specimen was takeJi from one side of the frontal cortex through a trephine 
in the skidl and the second specimen was taken, after the animal had been placed 
under the desired experimental conditions, through another trephine, ^ 

corresponding area of the opposite hemisphere. The animal vvas anesthetized 
with ether, or by local infiltration of the scalp with procaine, the two t, 

nhines were prepared. In other experiments a separate animal was i sed to 
supply control specimens. The control animal and the one on which the ex- 
'perimental procedure was done were killed by bleeding from 
following etherization. In these cases craniotomy was then quickb ^ 

the brain was thus obtained for ramoyal of the disks from more diyersified aieas 
than was possible in the first type of experiment. , , .1 

In the majority of experiments conyulsions were induced iy ^le pass^ g 
an electric dLcharge through the animal’s head, ^o^-mg 

tiiat used in electroshock therapy of psychiatric patients (12). In «the c . . 
mctrazol was injected intravenously to produce the convulsions, and in n^^^y « 
the experiments with rats convulsions were brought about by exposing 
animals to a loudly hissing air blast (audiogenic convulsions) (13). 

consisted of a variable transformer e-ui ^ 
ing film a 110 volt, 60 cycle, line currant. The circuit was c^ontrolled b> an 
X r iy timer and the output potential amounted to 250 volts. The curren ^ 
putlould be regulated quite exactly, by adjustment of the transformer, tl«o»g 
I ™ of zero to 135 milliamperes. The electrodes used consisted of sma 1 co J 
of briided copper wira which wera applied bilaterally to the animals shajed 
lem^JIrarscalp by means of adhesive tape. Electrolytic jelly was employed to 

provide good contact and reduce rebistance. Cpott’^ 

For ndcro-incineration of the cortical specimens a micro-mcmerator of bcott s 
design (14), and his technic (14), with slight modification, were used throughm . 
The tissue fixative employed was absolute alcohol alone, * 
forniaUn and alcohol. It was found that the former brought about satis actoiy 
fiSten Iherels Ihe 60 per cent water content of concentrated omahn 
theoretically objectionable since it was important that the normal 
iif water-soluble tissue salts be preserved. All sections were cut at 

Analysis of the micro-incinerated tissues for sodium and potassium was ac- 
coiS,” t . ™.r«ry.tau.g,.phic «th«l (IS- This mvolved either ol 
IZ moSuras- 1, addition under the microscope of measured microdrops of 
reagent directly to selected areas of the micro-incinerated specimen and observa- 
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tien of the crystals formed as a result of reaction bet ween the ash and the reagent, 
or 2, taking into solution under the microscope particles of ash from selected areas 
of a micro-incinerated specimen, and subsequently analyzing this solution by 
means of crystallographic tests carried out in capillary tubes. These operations 
involved the use of a micromanipulator which would make possible the accurate 
placement of measured microdrops from a capillary pipet on selected microscopic 
areas of the micro-incinerated preparation, and which would also allow for cob 
lection into another capillary pipet of microdrops so placed on the specimen. - A 
moist chamber was necessary to prevent evaporation of the microdrops (15)i 
Rough estimation of the amount of sodium or potassium in the ash tested, 
compared with that in similar areas of a control preparation, rested on comparison 
with the control analyses with respect to the number of crystals obtained (1(>), 
their size and the rapidity of their fomation (16). The reagents employed were 
zinc uranyl acetate for sodium and chloroplatinic acid for potassium (17). 

PJXPERIMENTS AND RESULTS. Experiments were carried out to determine 
vhat effects induced convulsions might have on distribution of total electrolyb', 
and of sodium and potassium, in the cerebral cortex of rats and rabbits. Ad- 
ditional experiments were performed to (*ontrol the possible influence on the 
results of such factors as anoxia, muscular activity, ancsthe.sia and cortical 
topography. 

a. Metrazal convulsio7is. Eight adult rabbits were used. In each case ether 
anesthesia was administered during preparation of a tiephine opening over the 
right or left frontal lobe, the control specimen was removed and the incision 
closed. Another trephine was then made on the opposite side of the skull at 
a position exactly corresponding to the first, the animal was allowed to recover 
from the anestht'sia, and metrazol was given intravenously in a dosage of 0.1 
cv. per kilogram ol body weight. A cortical specimen was removed through the 
second trephine after a generalized convulsion had been in progress for thirty 
to sixty seconds. 

The sptH'imens were prepared according to the routine technic, control and 
postconvulsive tissues from each rabbit lieing handled together throughout fixing, 
clearing, infiltrating, blocking, cutting, mounting and incinerating. Each (com- 
pleted slide, as in all the experiments, therefore carried micro-incineration ash of 
both a postconvulsive and a control specimen. 

Examination of the completed preparations under the darkfield microscopic 
at magnification of 900 X and 1,200X showed definite differences between the 
control and postconvulsive specimens. The latttu- showed a heavy, diffuse, intra- 
neuronal ash which lacked nuclear markings, while in the controls there Were 
intraneuronal concentrations of ash in a position corresponding to that of the 
nuclei, with relatively less cytoplasmic ash. The intercellular ash of these prep- 
arations has been difficult to estimate, because of the pn^minence of the ash pat- 
terns of the neurone processes. In the superficial, granular layer of the cerebral 
cortex, however, where there are relatively fewer neurone processes, the inter- 
cellular ash could be better estimated. It showed no significant change of con- 
centration resulting from induced convulsions. Neuroglia cells have not shown 
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a prominent ash content in any of these experiments, nor have any changes of 
neuroglial ash been found to result from convulsions. 

The micro-incinerated preparations were now analyzed for neuronal sodium and 
IKJtassium by the crystallographic methods described earlier in this paper. 
Numerous analyses of the preparations of each rabbit were carried out by both 
the “on-slide” and the “capillary tulie” method. These analyses consistently 
indicated that a neuronal loss of potassium and a gain of sodium were associated 
with metrazol convulsions (figs. 2 and 3). This information on the .sodium and 
potassium of neuronal ash were obtained by selecting for analysis only those 
microscopic areas where there were considerably more ash patterns of neuronal 
cell bodies than in the average microscopic field of the preparation. 


TABLl’; 1 

ExpcritnenUd conditions and results in a series of animal s j/iren elect ro shock 


■RABBIT 

ELECTROSHOCK 

CLTRRENT, 

MILLIAUPERKS 

ELECTROSHOCK 

DtTRATION, 

SECONDS* 

NUMBER OF 
ELECTROSHOCKS 
AND 

CONVULSIONS 

results: postconvulsive neuronal ELECfROLYTES 
COMPARED WITH CONTROL 

1 

100 

0.2 

4 

Diffuse increase of total intraneuronal 
ash. Diminished potassium, in- 

creased sodium 

2 

90 

0.2 

6 

Same as (1) 

3 

135 

0.2 

10 

Same as (1) 

4 

135 

0.4 

10 

Same as (1) 

5 

80 

0.2 

2 

Questionable increase ol total ash and 
no demonstrable diminution of po- 
tassium or increase of sodium 

6 

80 

0.4 

1 

Same as (5) 

. 7 

135 

0.2 

1 

Same as (1) 

vS 

135 

0.2 

4 

Same as (1) 

9 

135 

0.1 

2 

Same as (1) 

10 

135 

0.1 

2 

Same as (1) 

11 

135 

0.2 

4 

Same as (1) except no demonstrable 
change of sodium 

12 

135 

0.2 

4 

Same as (1) 




• The. duration of convulsions produced by electroshock ranged from 10 to 40 seconds. 


b. Electroshock convulsions. Twelve adult rabbits were studied to observe 
the effect of electrically induced convulsions on the distribution of total ash, 
sodium and potassium of the cerebral cortex. Table 1 indicates the experimental 
conditions and results for each case. 

Eemoval of specimens from the cerebral cortex of control and postconvulsive 
animals was done in the same manner as in the preceding series and, similarly, 
ether anesthesia was used during trephining and removal of control specimens 
except in the cases of rabbits 5, 6, 9 and 10, in wluch local infiltration anesthesia 
was used. The intervals between induction of successive convulsions in each 
•case were one to five minutes. Postconvulsive specimens were remov^ during 
the course of the last convulsion, or within a few seconds after it had ceased. 
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(‘X(*(‘I)t in the eases of ra])l)ii.s 11 and 12, in wtiieh an interval of thirty minutcrs 
was allow(‘d, 

Tli(‘ ehang(‘s of disti’ihntion of total ash (tig. 1) were similar to thos(‘ whieh 
oceiirred with metrazol e.onvnlsions. Cliang(‘S of intraruHironal eoiKuailration 
of sodium (tig. 2) and ])ota.ssium (tig. 3) w(‘r(‘ also similar to tliose of th(‘ prc'ceding 
s(‘ri(‘s, though th(‘y w(u*(' not (iuit(‘ so constant , since tliey w(‘i-e not d(‘t(‘(ded in 
th<^ (‘ases of rabbits 5 and 0 in which a relati\'ely low electroshock current was 
used. 



I'i^. 1. MtT(‘C‘t of cxpcMimcntal con viilsiotis on the total elect rolyte of the c(‘r('bral corttw 
of tlie lahbit. IjcJI: Micro-incinerated control preparatiori (XOOO,). Tin* ash of neuronal 
c('ll -bodies aj)pears as concentrations of light-ndractivi* material. h*i(jht: Micro-inciner- 
at(‘d pr(;paration of tlu* corresponding cortical area., opp«)site side, oi th(‘ same animal after 
electroshock convulsions (XfKM)). 


In th(‘ cast's of ral)bits 8 to 12, inclusive, un additional cortical specimen was 
remox ed after thrt'e to thix't' and a half hours. Micro-inciiH'ration and crystal- 
lograi)hi(* analysis of thest' specimens showt'd m? signihctint dith'rence from the 
control specimens, tind therefore^ it was concluded that the (k'seribed effects were 
r(;versibk^ within three and a half hours. 

c. A iidiogenic convidsions. J'ught tidult. white rats, found on tt'sting t wo weeks 
previously to be “audiogenic r{\‘ictors (13),” and eiglit. cont rol animals, each of 
which was a litbu- mate of a corresponding experinumtal animal, were studied for 
th(i (dTect of this type of convulsion on the electrolyte content of the c('r(d)ral 
cortex. 
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K..,, „( the .udioEenie .fad.™ .ae suhieetaHa the '»* 

hiaaini, alt jet) ai.tl cad. had a typical, gcncraliacl c.imila.on. In t y . ■ 




,„„.':„..la..alcfiaa..l. dl.-..- “a (Xa«.., 

Shir,;;— ^”1"- - ad i-a.-'™' 


(X2(K)). 



3. Eesui. of 

arations shown in hguro 1. a4o - TH-ooMration (X200). Below: 

ion (X200). 


tho animal ^va,s ntberi.cd, craniotomy was performed and specimens of frontd 
lortr”! Inived and place, 1 in fixative within one to two -mutes after 
the convulsion. Similar specimens were obtained m tie same way ro 
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control rats, though these animals had not, of course, Ixien exposed to the air 
blast. 

Microscopic examination of the micro-incinerated preparations of this material 
revealed effects of audiogenic convulsions which were of the same nature and 
extent as those described in the preceding experiments. On crystallographic 
analysis for sodium and potassium, however, a change was not found so con- 
sistently, since only a half of numerous determinations indicated a neuronal loss 
of potassium and gain ot sodium. The remaining determinations showed no 
change. 

d. Asphyxia control. Since severe or mild anoxia accompanies convulsions, 
it seemed important to determine whether anoxia alone might cause shifts of the 
electrolytes of the brain similar to those produced by generalized convulsions. 
Accordingly, three ral)bits were used to determine the effect of anoxia alone on 
the electrolytes of the cerebral cortex. 

Each ol the experiments was done as follows: A control specimen was removed 
from the right frontal cortex through a trephine opening made following local 
infiltration anesthesia. With the animal under local anesthesia, asphyxia was 
produced and after thiw minutes specimens were remov ed from the left frontal 
cortex. 

Comparison of the preanoxic and postanoxic sjiecimens following micro- 
incineration showed no difference between their ash pattern or ne ironal potas- 
sium or sodium. 

e. Ether controls. Specimens of tissue were frecpiently obtained in these 
experiments after etherization of the animal. Consequently, it was necessary 
to determine what effect ether anesthesia itself might have on the electrolyses 
of the cerebral cortex. Cortical specimens Avere obtained from each of three 
adult rabbits before and during etherization. 

In each case a specimen was removed from the right frontal cortex under local 
(procaine) anesthesia, the animal was etherized and a specimen was lemoved 
from the left frontal cortex. The latter specimen Avas remoA^ed from one rabbit 
after five minutes of etherization and from the other two after twenty minutes. 

After micro-incineration, the postetherization specimens did show slight 
differences of ash pattern from that of their controls, but these differences were, 
in each instance, exactly opposite to the effects obserAed to result from con- 
vulsions. The effect of ether Avas a diminution of intraneuronal ash density, 
especially of non-nuclear ash, and a similar dimming of the ash patterns of neu- 
rone processes. However, changes of neuronal potassium and sodium could not 
be detected on crystallographic analysis. 

/. Control of muscular activity. Another factor requiring control is that of 
muscular activity, the most prominent of the manifestations of convulsions. 
The four adult rats of this series, therefore, were exercised to exhaiLstion so tliat 
pre-exercise and postexercise specimens from their brains could be compared. 

A control specimen Avas removed from the right frontal cortex of each rat 
under ether anesthesia. The scalp A\munds were sutured, and sealed with col- 
lodion. Two hours after recovery from the ether each animal was exercised by 
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a swim of ten to fifteen minutes in a tub of tepid water. Following this the rats 
were immediately etherized again, and specimens were obtained from the lef 

^TxaminaUon of the micro-incinerated preparations, and crystallographic 
no Chang, of h,h.. »h o, of n.ur.na, or 

a Tovographic control. Control expenments were also desiiable ioi t e 
determiSion of difference, if any, of electrolyte changes between various are* s 
of the cerebral cortex. In almast all the foregoing experiments only those areas 
tre sSed which are rea.lily accessible through trephines of the calvarium 
especially the frontal cortex. Also, it was desirable to know what topographic 
diKrences of elecf rolyte distribution might exist m the cerebral cortex o 

"™aduWibits were used. Each of three of these was given six electroshock 
convulsions in rapid succession, following which craniotomy and remova ol 
cortical disks from various areas were quickly done. 1 he remaining iree r a _s 
weie not given convulsions, but similar specimens were lemoved from the 
brains. Eaih of the animals was killed by injection of 40 cc. o air >nto an eai 
vein The areas from which cortical specimens were i-emoc^d, m each ca^ , 
were as follows: frontal, parietal, occipital and hippocampal From each 
these areas a specimen was removed from both the nght and left sides. 

^rhe micro-incinerated preparations revealed only minor, or ques ’ 

differences of electrolyte pattern of corresponding cortica levels ot the vaiious 
ie™is from control animals. These differences were in the nature of small 
variations of density of neuronal ash, and not of ash distribution. 1 hen> ueu , 
however distinct differences observed among the postconvulsive .specimens 
from each animal. There was a greatly diminished density ot neuronal a.sh m 
the hippocampal preparations in relation to the appearance 

from the frontal, parietal and occipital areas. A o appreciable vaiia . . 

found among the latter three areas. The decreased density of the hippocampa 
ash pattern was not accomplished by apparent intraneuronal or extraneuronal 
changes of ash distribution. It cannot be said whsthei the appearance ol dun 
ished ash in the hippoc.ampal sections represented an ^ 

decrease, since the comparison was with sections from areas knovvn Irom the 
preceding experiments to show increased density of neuronal ash following ce 

'^In^Tny event only a minor topographic variation e-f ash pattern was tound 
amonc lortical specimens from normal animals, while there was considerable 
variation in the Tase of animals which had had convulsions. Crystallographic 
ftnnlvsps for sodium and potassium were not done in this senes. 

(^Lment. As described previously, the changes of electrolytes in the cerebral 
cortex resulting from experimental convulsions have been contro led carefully 
with studies of the factors of anoxia, exercise, anesthesia and cortical topography . 
None of these factors was found to be partly responsible for the effects observe! 
to be associated with convulsions. It is thought, therefore, that such changes 
foiScrelectrolyte directly reflect neuronal activity. Furthermore, the expen- 
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ments with anoxia and exercise also indicated that trauma to one side of the cor- 
tex, as produced in removing the tissue disks, did not induce tlie changes in the 
tissues subsequently removed from the cortex of the opposite side. In addition, 
all histologic procedures in the preparation of sections for micro-incineration and 
crystallographic analysis vere carried out under uniform conditions, the control 
and experimental material being handled simultaneously. 

Objections to the method of micro-incineration have l^een advanced and are 
probably valid to the extent that it is not possible to conclude, from the appear- 
ance of a micro-incinerated tissue, exactly what the distribution of the electrolyte 
was in th<^ living tissue. As Gersh (18) pointed out, fixation of specimens for 
micro-incineration is not instantaneous, but more than that, the fixation itself 
must cause some alterations of distribution of tissue salts through its shrinking 
action on protoplasm, if not in other ways. Indeed, this aidion was evident in 
all the preparations of these experiments in the form of ash-free lacunae surround- 
ing the cellular ash patterns. 

Despite such objections, hovever, micro-incineration would seem to l)e a 
valuable method in experimental histophysiology. In this study it is not con- 
cluded that, the particles of ash as seen under the microscope were in the same 
relation to each other as in the living tissue. But it is felt that these metliods 
indicate the general direction of neuronal changes of total “heat-resistant” 
electrolyte and of potassium and sodium. Changes of cellular hydration were 
not responsible in themselves for the effects obseiw ed since numerous measure- 
ments from both micro-incinerated and conventionally stained preparations in- 
dicated no change of cellular \ olume in the postcon^'ulsive si>ecimens. 

Tlie finding that potassium apparently is lost from neurones of the cerebral 
cortex during induced coIl^'ulsions would seem to supplement the reports of 
(.'icardo and Torino (8, 9) of increased potassium in the cerebral venous blood of 
animals after convulsions. However, several control analyses of gross cortical 
si^ecimens from rabbits showed that no change resulted from electrcxshock or 
metrazol convulsions in the total potassium or sodium. The descril^ed changes 
must therefore depend on shifts of eleiTrolytes between intracellular and extra- 
cellular tissue phases, and not on net loss or gain of these electrolytes by the 
tissue. The reciprocal relationship shown between neuronal potassium and 
sodium correlates with work indicating the mutual replaceability of these cations 
in axoplasm of the giant squid (19). The fact that with convulsions neuronal 
total ash changed in amount, as well as in distribution, may mean either that 
there w as not apparent equivalence betw^een the amounts of potassium lost and 
sodium gained, or that other electrolytes accounted for the visible differences 
of density of the total ash. 

The authors wish to express their thanks to Drs. M. II. Power and W. C. 
Lobitz, Jr. for valuable advice and assistance, 

Oj SUMMARY 

Studies utilizing the methods of micro-incineration and crystallograpliic analy- 
sis of micro-incinerated preparations indicate that changes of total electrolyte. 
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mont.l OTVuteoni. in rat. „teWolytt. « Ions ot potiusiuivi 

volveil a diffuse increase of tnta ( aaanae wew detected quite eonsisfently 

and a gain of sodium. The aSt » per ».nt of rat. 

in rabbits given metrazol or e ec ros f ^^ors of asphyxia, exercise, anes- 

subjected to audiogenic convulsions. o the observed 

thesia and cortical 7^ "^rj^und o have a duration of less 

changes. These sh^s ot f J Sb^t ndectroshock . 
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No uniformity of opinion has been attained regarding the action of adrenaline 
on the nervous system ; this is true both of the peripheral and the central nervous 
system . To refer only to a few recent investigations, Schweitzer and W right ( 17) , 
though mentioning a transient augmentation, found that adrenaline predomi- 
nantly inhibits spinal reflex activity; Bonvallet and Minz (2) concluded that 
adrenaline has a depressing effect on the spinal cord but activates the reflexes in 
a mest^ncephalic or a thalamic animal; Marrazzi (1(>) described a depression of 
synaptic transmission in sympathetic ganglia and a reduction of the electric 
potentials recorded from the visual and auditory cortex which oc(‘urs under the 
influence of adrenaline; Ciantt and Freile (12) studjdng the effect of adrenaline on 
conditioned reflexes saw an impairment by it of higher nervous function, while 
Ivy and co-workers (14) described an analgesic effect of adrenaline. In (contra- 
distinction to these results, Bulbring and Burn (4, 5) found that adirenaline in- 
creases the stimulating action of acetylcholine on spinal motor neurones, and 
augmcnits transmission of impulses in sympathetic ganglia. Bulbring and 
Whitteridge (O) descrilxnl also an increase of the height of action potentials pro- 
duced l)y submaximal stimuli in the nerve under the influence of adrenaline, and 
Burn (7) speaks of a syruM'gistic action of acetylcholine and adienalino in the 
nervous system. 

In the meantime, it was shown by ( annon and llaimovici (8), Stavraky (18), 
and Fisher and Stavraky (10), that spinal neuroiK's becom(‘ greatly sensitized to 
chemical .stimulating agents after severance of the cortico-spinal tract or removal 
ol the motor cortex. If sufficient time is allowed to pass after the operation, such 
partially isolated spinal neurones may be selectively stimulated by acetylcholine, 
acetyl-beta-methyl-choline, strychnine, and other agents when they are intro- 
ducc^d into the general circulation in sacrific-e experiments, in chronic animals, and 
in human beings. The techniciue of sensitization of the spinal neuron(\s l)y {)ar- 
tial isolation seemed most suitable for a study of the action of adrenaline on the 
central nervous system, and this was made the sul)ject ol the present inves- 
tigation. 

Methods. Two types of experiments were performed. In one, a.septic 
scmiisection of the spinal cord was done between T 13 and L 1 vertebrae in 22 
cats. Four days to five weeks later, the brain and medulla were pithed under 
ether anesthesia, artificial respiration induced, sciatic and (obturator nerves cut, 

^ Presented in part before the American Physiological Society, Federation Proc. 6 : 100, 
1946. 
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and drills screwed into the two ends of the femurs which were fixed in rigid clamps 
so that the bones were held vertically and the legs hung freely. The contractions 
of both quadriceps muscles were recorded by means of threads which Were tied 
symmetrically to the lower ends of the tibiae and connected over pulleys with 
two identical crank levers of 2:1 magnification pulling against Ught springs the 
tension of which with the recording arm horizontal amounted to 10 grams, In 
8 experiments, the innominate artery was cannulated and used for the regulation 
of the blood pressure by a modification of Bayliss’ mercury valve (1); the blood 
pressure was recorded from the left common carotid artery by a mercury man- 
ometer, and adrenaline was injected into the aorta through a cannula placed in 
the left subclavian artery. In experiments in which the blood pressure was 
recorded, preceding the administration of adrenaline 300 cc. of warm Ringer- 
Locke solution containing 3.0 to 5.0 mgm. of heparine per kgm. of body weight 
of the cat were introduced by means of the mercury valve through the innominate 
arteiy into the general circulation. The cat was wrapped in absorbent cotton 
and placed in a box-stand heated by means of an electric bulb. Care was taken 
to allow complete recovery of the spinal animal from ether anesthesia before the 
beginning of the experiment j this took 30 to 45 minutes and was judged by the 
spread of the knee jerk from the control to the semisected side on tapping the 
patellar tendon on the control side and by the reaction of the preparation to 
injections of acetylcholine or strychnine. However, in many experiments no 
drugs other than adrenaline were injected. 

In another set of experiments, frontal lobectomized and semidecerebrated cats 
were prepared and, after complete recovery of the animals from the operation, 
intravenous injections of adrenaline were repeated once a we(:’^k or every ten days 
in a manner similar to that described in the case of acetylcholine (Stavraky, 18). 
In 8 cats, adrenaline was injected from the beginning, whereas in 4 additional 
animals sensitization was first assured by weekly injections of acetylcholine over 
a period of months, and the action of adrenaline then tested. Two cats were 
kept for three years before the adrenaline was tried out. 

Crystalline epinepherine (BDH) and Parke-Davis’ Adrenalin Chloride Solu- 
tion were used in a 1:10,000 to 1:20,000 concentration, dissolved in mammalian 
Ringer-Locke solution. 

Results. Ej[fects of adrenaline in spinal preparations. Quantities of ad- 
renaline ranging from 0.05 mgm, to 0.3 mgm. when injected intra-aortally caused 
marked contractions of the quadriceps on the side of the semisection of the spinal 
cord in 20 out of 22 experiments. When a large quantity of adrenaline (0.2 mgm. 
to 0.3 mgm.) was injected for the first time in the experiment (fig. 1) it often 
caused a transient relaxation of the quadriceps which was followed by a slow 
tonic contraction. When the preparation was at the height of its sensitivity 
these ejects were accompanied by a flicker, or even a real contraction of the oppo- 
site quadriceps (fig. 2), The response came on usually 0-22 seconds after the 
beginning of the injeclibn: the relaxation of the quadriceps when it occurred 
lasted 7 or 8 seconds and was followed by a contraction of 30 seconds to 2 min- 
utes’ duration. Small quantities of adrenaline (0.05 mgm. to 0.1 mgm. per 
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injection) caused r (aintraction only on tlie scaisitized side. Th(‘se contractions 
were less sustained in c}iai‘a(*ter and occasionally rescanhlcHl a clonic inovi'iiient. 

Wli(‘n repeated appi’oximat(‘ly within 10 minute int('r\'als, injections ot adrena- 
line \vere eft ective twice', some'tinH's thre'c limes, the' contractions growing less 
marked with each injection, while' the initial re'laxalie)n of the' eiuaelrie*eps was 
usually absent alte'r the first inject-iem. Furthe'r inje*e't ie)ns faile'el te) pre)eluce' any 
e*e)nti'actie)ns ed the' e|uaeh'ie*e'ps em e'ithe'r side in s|)ite' of rnarkeel effee*ts of aelrena- 
line on the' systernie* e'ireailation. ddie' se'iisitivity e)f the* ])re'paratie)n to either 
fe)i‘ms of stimulatie)!! was reelue'e'el by the' inje'ediems of aelre'iialine'; he)we've'r, tlie 



tig. 1. tJToct of adreauiliTie with uncont rolled blood jnessure: An int ra-fiortal inj(‘ction 
ot adrenaline' in a spinal cal 8 days after right sciniscct ion of the cord. NOTE init ial relax- 
ation of thtj (luadriceps iollowed by a contraction. Loth occurring on the sf'niisected side. 
This is t^ypical of a pr()nounced ('tTea't usually see'ii e)n the? first, inje'ction e)f adrenaline. (Lt. 
Q- f^eft (iuadrice])S, lU. Q. Right epiadrie'eps.) 

tig. 2. I'dfect. of adre'iialine? with blood pressures stahilizeal by means of a mercury compen- 
sator: An int ra-aortal injection of a solution of crystalline' adremaline in a sj)imil cat 21 days 
afte-'i ledt semise*ctie)n of the' core!, this is t.hei see'e)nd inje'ction of adre'iialine' in the' e'xpe'ri- 
ment ; no otlier drugs were introelue'od excepting 3(K) ce*. of heparinizeel Ringer Locke sedution. 
Note; absence of initial re'laxation of the eiujielrice'])S. 

knee jt'rks, though n'duced, were usually prese'ut anel tlie injections of ncetylcho- 
line and other chemical stimulating agents e\ ()k('d a response' from both epiadri- 
cc'ps muscle's. The e'ffe'ctive'iiess e>f aelrenaline' e*e)ulel lie' greatly augmenteel, or 
tempeirarily restored after its stimuhiting actiem weire eiff liy injeedions of strych- 
nine' (0.03 rngm. to 0.15 mgni. pe*r kgm.), or cocaine' (5.0 mgm. tei 10.0 mgm. per 
kgm.), and occasieinally, campheir (5.0 mgm. to 10.0 mgm. per kgrn.). Picrotoxin 
(0.03 mgm. pe'i- kgm.) was also seen tei have a beneficial efTect em it. 

Therei was nei definite relation betwe'en tlie muscular re'sponse' and the changes 
in blooel pressure' e*ause'd by adre'naline. In expe'riments in wliie*h the latter w as 
rccoreleel, the contractions of tlie epiadriccps weu’e seen somet imes tei precede the 
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• f hlooH nressure evoked by adrenaline, and on other occasions to come on 
rise of blooa pressure evoivt^u j As seen in figure 2, m experi- 

1 i. • « fViP blood pressure was declining, as seen m , t' 

Ti nf femLl Lrve in the presence of an intact blood supply to the 

W„g more marked on the eemisorted .ide. Ether »»«>»» “ « 

Fffpcts of adrenaline in chronic animals. Intravenous injections of adrenaline 

m*mt« ^mideeerebrnhh, or front., o’^S^: 

tio^rnd were^tlirlS ine^ tLJrd^^^ month. In two cats, 

.drcimline yielded 

dS«L™f* :he”nt,.l.ter., pupU which w.. 

Ifini+P extensor riKidity in the uentralateral extremities, the latter persisting 
n£:r aS^i iniecti^. Injections of 0^3 mgim 
^rrm of bodv weight had the s^yup effect on the pupils but, as shown i ^ ^ > 
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the stage of flaccidity and weakness was followed by a 2 to 4 minute period during 
which the contralateral limbs became hypertonic. In this stage, the front paw 
was usually held out rigidly in front of the body and the head turned to the 
operated side. In the case of large doses of adrenaline, it was occasionally noted 
that in the early stages of the reaction, particularly on exposure to bright light, 
the pupil on the side of the operation was larger than the contralateral one; 
towards the end of the response this reversed itself and the pupil on the opposite 
side became markedly more dilated than the one on the side of the operation. 


6 


Fig. 3. An intravenous injection of 0.03 ingm. of adrenaline per kgm. of body weight in a 
cat three years after the removal of the left frontal lobe (including the motor cortex). 

A — 2 minutes after the injection — showing weakness of the right extremities. 

B — 5 minutes 30 seconds after the injection — showing rigidity of right extremities. 

C — 6 minutes after the injection — showing inequality of the pupils: the right being larger 
that the left. NOTE the forward thrust of the rigidly extended right front paw. 

Blanching of the mucous membranes, salivation, occasional vomiting, and some 
slight hyperpnea accompanied the response which lasted in sensitive animals 
up to 10 or 12 minutes. 

After the visible manifestations of the injection wore off, successive administra- 
tions of adrenaline were almost ineffective. This reduction in the sensitivity 
of the animals to further injections lasted as long as a week or 10 days. The 
described pattern of the response was observed in most of the injected animals: 
however, in some, the inhibitory effects of adrenaline predominated, while in 
others, rigidity came on quickly and was quite marked. Though slight spas- 
ticity and even mild convulsions have been described in normal animals on 
injection of adrenaline (Ivy et al., 14) in the present investigation in the cat, with 
the quantities of adrenaline employed, even when the motor effects were most 
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pronounced, they were predominantly unilateral, occurring on the side of the 
body opposite to the operation and were most marked in the forelimb. 

Effects of adrenaline after acetylcholine. As the motor manifestations of the 
injections of adrenaline were in the second stage of the effect not unlike those seen 
after injections of acetylcholine (Stavraky, 18), it seemed interesting to see what 
effect acetylcholine would have on the action of adrenaline. In 4 cats, acetyl- 
choline was injected once a week until the sensitization was fully developed and 
on the 5th month after the operation adrenaline was tried out. All the excitatory 
effects of the injections of adrenaline were most pronounced in these animals; 
quantities of 0.05 mgm. to 0.1 mgm, of adrenaline per kgm. of body weight pro- 
duced quite asymmetrical dilatation of the pupils, vomiting, extreme blanching 
of the mucous membranes and a very marked hyperpnea. Then, usually 6 
minutes after the injection, a sudden rapid thrust of the contralateral front paw 
and turning of the head to the operated side, or even a general unilateral contor- 
tion similar to the one occurring in the later stages of the acetylcholine convulsion 
took place. In one cat in which both frontal lobes were removed, 0.07 mgm. of 
adrenaline per kgnii regularly produced a severe generalized convulsion with 
typical erection of hair, curving of the back, and throwing of the front paws over 
the head. 

Effects of acetylcholine after adrenaline. In a number of experiments simulta- 
neous injections of acetylcholine and adrenaline were tried out, but more clear- 
cut effects were obtained when adrenaline preceded the injections of acetylcho- 
line. Injections of adrenaline under 0.03 mgm. to 0.05 mgm. per kgm. of body 
weight were followed in 30 seconds or so by 0.05 mgm. to 0.1 mgm. per kgm. of 
acetylcholine. In this combination, adrenaline counteracted, or reduced in 
severity, the initial generalized convulsion evoked by acetylcholine, but accen- 
tuated and markedly prolonged the secondary contortion. As described in a 
previous article, in frontal lobectomized or semidecerebrated cats, injections of 
acetylcholine caused unilateral contortions which occurred on the side of the body 
opposite to the removed part of the brain (Stavraky, 18). In excessively large 
quantities, adrenaline appeared to have a depressing effect on the action of acetyl- 
choline, particularly if the two agents were injected together. 

Discussion. The results presented aboi^show that an injection of adrenaline 
produces a short initial depression of the partially isolated neurones of the spinal 
cord followed by a marked excitation and later by a more prolonged residual 
decrease of their irritability. The sequence of effects brought about by adrena- 
line in these experiments is not unlike that described by Schweitzer and Wright 
(17) in their study of the effect of adrenaline on intact spinal neurones; however, 
in their experiments the excitatory effect of adrenaline was not. marked, and could 
be determined only indirectly by its action on the knee jerk. Sensitization of the 
spinal neurones by partial isolation or ‘‘denervation^^ increases the excitatory 
effect of adrenaline upon them to a degree w^here adrenaline actually produces 
muscular contractions which originate on the s^sitized side, thus bringing out 
with great clearness the excitatory phase and allowing for its analysis. 

As rapid eiro|ilatory readjustments, particularly elevations of blood pressure, 
are knowli to cause neuronal discharges, the pressor action of adrenaline had to 
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b6 excluded as a stimulatiug factori this was done by stabilising the blood pies- 
sure with a mercury valve. Furthennoie^ the stimulating action of adrenaline 
could not be satisfactorily attributed to its effect on the blood vessels of the 
spinal cold itsetf . Porbes,^R^^ studying the effects of adrena- 

line on intracfsnial blood vessels saw a contraction of the pial arteries on local 
application adrenaline, dilatation on intravenous injection, and either effect on 
intra-arterial ixyection of adr^aline. They concluded that the rise of blood 
pressure evoked by adrenaline may counteract the constriction of the intracra- 
nial blood vessels, but when it is absent the vessels are capable of constriction. 
According to these data it is possible to surmise that in the present experiments, 
particularly in those in which the rise of blood pressure was excluded by means of 
the mercury compensator, intra-aortic injections of adrenaline may have caused 
a vaso-constriction of the spinal blood vessels with a resultant asphyxiation of the 
nerve cells which could lead to their stimulation. However, in experiments in 
which the mercury valve was not used, adrenaline caused even more marked 
contractions of the quadriceps in the presence of rises of blood pressure. Results 
analogous to those seen on spinal preparations were obser\^ed when adrenaline 
was injected intravenously into frontal lobectomized or semidecerebrated ani- 
mals« Under these experimental conditions adrenaline should have caused an 
elevation of the blood pressure and a consequent increase of the circulation in the 
central nervous system, but in spite of this it produced a marked rigidity in the 
extremities on the side opposite to the operation. 

If the vascular changes do not seem to be able to account for the stimulating 
action of adrenaline, there is a possibility that other factors of an indirect nature 
come into play under its influence. It was sho^m by Hebb and Stavraky (13), 
and by Langstroth, McRae and Stavraky (15) that adrenaline greatly increases 
the permeability of glandular cells to various constituents of the blood: a similar 
sudden increase of permeability of the spinal neurones to constituents of the 
sum>unding medium or to specific components stored at the synaptic junctions 
of the neurones may be responsible for the stimulating effect of adrenaline. 
Then Torda and Wolff (10) found that, in vitro, adrenaline accelerates the syn- 
thesis of acetylcholine. Isolated neurones are exceptionally sensitive to this 
agent (Gamami and Haimovici, 8, and Stavraky, 18) and it is conceivable that an 


acceleration ctf the synthesis of acetylcholine at synaptic junctions may account 
for the stimulating action of adrenaline. Possibly l^th an acceleration of the 
synthesis of acetylchdine and a more rapid diffusion of it due to an increase in 
permeability may take place at the same time. HoweW, an altogether different 
mechaniion of tim action of adrenaline may be involved. 

Cannmi and Haimovici (8) saw under the Influence cff the smiseetion of the 
6|^al cord, some increase of the sensitivity to acetylcholine of the quadriceps 
musde itsdf ; this was not so in the case of adrenaline. Section of the femoral 

aitoe^ne, wiiftr with tike neiire intact^ aoad after al^raanal aorta had 
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ished the excitatory effect of adrenaline. It is postulated by Bremer (3) that 
nembutal blocks synaptic transmission in the spinal cord, tccles (9) too, g 
Bests a specific action of nembutal on the synaptic regions of spinal neurones and 
L the stability of neuronal membranes as possible causes of a nembutal block. 
This may account for the abolition of the excitatory action of adrenaline by 
nembutal in the present experiments. However, the action oi nembutal similarly 
to t hat of other anaesthetics could be due to a depression of the inetabolism of the 
sensitized neurones. In view of the extreme ease with which the excitatoiy 
effects of adrenaline on neurones sensitize by partial isolation are abolished by 
anesthetics it is quite likely that the action of adrenaline on intact neurones 
would be affected by them in a like manner. This may explmn why Mairazzi 
(16) who carried out his observations on the nerve (ells while the latter were 
under the influence of nembutal and other anesthetics, saw only a depressing 
effect of adrenaline upon them, whereas Bulbring and Burn (5), working mostly 
on perfust^d prepars^tions in whioh the effect of an initial anesthetic had tune to 
wear off, were able to detect the stimulating effect of adrenaline in experiments 

otherwise often not unlike those of Marazzi. . . , . • i u 

The bringing out of the excitatory effect of adrenaline in chronic animals by 
injections of acetylcholine carried out over a long period of time is quite remark- 
able Noteworthy, too, is the increase and prolongation ol the action of acety - 
choline which takes place when the latter is superimposed on the action ot 
adrenaline. It is believed that these observations fall in line with the facts re- 
viewed bv Bum in an article on “The relation of adrenaline to acetylcholine in 
the nervous system” but as no analysis of the phenomenon was attempted at the 
present time a discussion of these observations seems unwarranted. Most in- 
triguing is the great reduction and even absence of the excitatory response to 
adrenaline after the first two or three injections. In chronic animals this was 
even more marked than in spinal preparations and the depression caui^d by 
adrenaline was seen to persist for several days, the time cinnciding with that 
indicated by Gantt and Freile (12) in their investigatmn ot the effect of adrena- 

line on conditioned reflexes. , v • 

While the inhibition produced by adraialine in this study, though increas 
by denervation, compares adequately with that seen by other invesiga ors, i is 
the stimulating action of adrenaline which is predominantly brought to the fore 
by partial isolation of the spinal neurones. With this in mind, and m spde o 
the fact that the quantities of adrenaline employed are of pharmacobgical rather 
than of physiological significance, it is tempting to suggest that in certain in- 
stances of increased irritabUity adrenaline may play a part in the nervous system 
which is consistent with thfe emergency theory of function of the adrenal glands. 

SUMMARY ANP CONCLUSIONS 

1 . Sensitization of spinal neurones by partialisolation markedly increases theii 
susceptibility to injections of adrenaline and allows the various stages of the 
action of adrenahne to be observed both in sacrifice experiments on spinal cats, 
and in chronic frontal lobectomized or semidecerebrated animals. 
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2. Injected intra-arterially or intravenously in quantities ranging from 0.05 
mgm. to 0.3 mgm. per injection, adrenaline, after an initial transient depression 
produces marked excitation of the sensitized neurones, this being followed again 
l)y a more prolonged decrease of irritability. 

3. These effects of adrenaline are not dependent on blood pressure changes 
and, as tar as can be judged, are not related to any action of adrenaline on the 
blood vessels of the central nervous system. 

4. In spinal preparations, the stimulating action of adrenaline is augmented 
by cocaine, strychnine, and other convulsant agents, but is abolished by nem- 
butal and by ether anesthesia. In chronic animals, the stimulating action of 
adrenaline can be facilitated also by repeated injections of acetylcholine, while 
adrenaline in turn can, in appropriate quantities, increase and prolong the action 
of acetylcholine. 

My thanks are due to Dr. C. Ci. Drake and to Dr. D. B. Ferguson for their 
helpful co-operation during the progress of this study. 
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Our knowledge of experimental diabetes has been derived largely from obser- 
vations on the depancreatized dog and cat. These two species have been popular 
laboratory test animals and the surgical removal of the pancreas in them ofiers 
little difficulty. It is interesting then that our concepts of diabetes and of the 
action of insuhn should be so greatly influenced by the observations on these 
two carnivorous animals. In the metabolism after pancreatectomy one would 
be justified in supposing that the dietary habit of the animal might play an un- 
portant r61e and that one should give as much weight to observatioiw on de- 
pancreatized omnivora and herbivora, as to those on carnivora. Collip, Selye, 
and Neufeld (1), Chapman and Fulton (2), and Mirsky, Nelson, and Elgart 
(3) have studied monkeys after pancreatectomy and shown that the results 
are quite different from those on the cat and dog. Lukens (4) has made several 
observations on the depancreatized goat and found a mild type of diatetes. 
Recently Mirsky, et al. (5) have reported a marked difference in the diabetes 

of carnivorous and herbivorous birds after pancreatectomy. 

The depancreatized herbivora should be ideal for studying the action ot 
insulin, since they can be maintained for many days in a steady state without the 
administration of insulin. It is easy to obtain adequate periods with and with- 
out insulin in which to determine the changes which result from the addition 
of tliis hormone. Such has not been possible with the depancreatized carnivores ; 
without insulin they do not assume a steady state even for as long as one da>^ 

The distinctive metabolic characteristics of carnivores when depancreatized 
and not given insulin are: 1. The inability to maintain body weight on a car- 
bohydrate diet. 2. During fasting a production of glucose by the hver that is 
greater than the utilization of the tissues, so that glucose is continually excreted 
in the urine. 3. Large production of ketone bodies during fasting and usually 

even when given food. , 

In the attempt to explain these findings, certam writers (6) in the past had 
developed the theory^lilMtt insulin is necessary for the oxidation of 
Others (7) explained the results on the basis of the theory that insulin inhibits 
over-production by the liver of glucose from protein and fat. It is pertinent to 
consider these theories in connection with the findings in herbivora from whom 
the pancreas can be removed as completely as is the case with diabetic carm- 

Methods. The surgical procedures required for pancreatectomy in the rabbit 
have already been described (8). Instead of the three stage operation whic 
was used at that time, it has been found possible to removd the entire pancreas 
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in one stage, providing the rabbit has been fasted about four days. Rabbits 
weighing about two kilos are best suited for this purpose. The diabetic rabbit 
which is not receiving any insulin is subject to staphylococcus infections, death 
usually resulting from extensive collections of pus radiating from the surgical 
wounds causing peritonitis, subphrenic abscesses, or empyemas. Therefore, 
it is desirable to start injections of insulin as soon as the animal is eating well. 
The amount of insulin administered must \)e carefully controlled to prevent 
hypoglycemia and death, particularly when using protamine zinc insulin. 
Plain insulin may l)e used quite safely, but requires frequent injections. Rab- 
bits about one week after the operation which are eating well, require six to twelve 
units of protamine zinc insulin daily to keep glycosuria at a low level. 

FamreaiecU)my in the goat. (The animal should l)e fasted for 24-36 hours 
l>efore operation in order to have the stomach as small as possible.) Intra- 
venous nembutal, 0.5-1 .0 grain per 5 lbs. bod}^ weight was used as a basic anes- 
thetic. During the operation a small amount of ether was given by mask to 
keep the animal at the desired level of anesthesia. After opening the abdomen 
through a mid-line incision, the great omental sac was opened, the large stomach 
retracted, and the pancreas exposed in the region of the portal vein. Usually 
the removal of the gland w^as begun at the head end and consisted essentially 
of careful diswK-tion along the portal vein to prevent sectioning of blood vessels. 
Smaller veins coursing through the pancreas from abdominal viscera and vessels 
supplying the pancreas w ere, of course, ligated as found. Location of the common 
bile duct was accurately determined to prevent possible ligation. The abdominal 
incision was clos(?d by several layers of silk sutures. No outside dressing or 
support was required. Recovery was usually rapid and within a w^eek or two 
the depancreatized goat was ready for experimental observation. Administra- 
tion of 10-20 units protamin in insulin daily was used post operatively to aid 
recovery processes. 

Results. Maintenance of body weight on carbohydrate diet. Tables 1 and 2 
give the weight changes for the rabbit and goat respectively when on a hay 
and alfalfa diet. There is a weight loss in all cases when not given insulin and 
when insufficient insulin is given. The results indicate that these animals 
are not quite able to maintain a steady state on a carbohydrate diet. The 
depancreatized rat can do so (9). This latter preparation can maintain a 
constant weight by virtue of a prodigious consumption of a diet of high sugar 
content; on a high fat diet it can maintain itself with (‘ase. It is likely that the 
rabbit and goat could also maintain a steady state if they could consume propor- 
tionally large amounts of carbohydrate in such concentrated form as is possible 
with the rat. It is difficult to carry these animals for a long period without feed- 
ing bulky food such as hay or alfalfa. We w-ere unsuccessful in finding any high 
fat diet which these animals could be induced to take. 

We were able, in some animals, to administer a high sugar intake either by 
feeding a sugar solution by stomach tube or by teaching the animal to drink the 
solution in large quantities. The following observations are suggestive in this 
connection. A depancreatized goat was fasted for several days, the blood sugar 
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fell and glycosuria ceased. The introduction of 100 grams glucose (10 per cent 
solution in water) into the stomach caused an elevation of the blood sugar to 
over 200, mgm. per cent and glycosuria. After 48 hours the blood sugar returned 
to normal, but only 40 per cent of the administered sugar was found in the urine 

TABLE 1 


Weight changes in diabetic rabbits on hay and alfalfa diet 





WEIGHT CHANGE FOB PEBIOD 


DUBATION OF PEIIOD 

AVEBAOS DAILY 



XABBIT 

INSULIN UNITS 

Loss 

Gain 


days 


gm. 

gm. 

A 

9 

0 

100 

395 


12 

6.3 PZI 


F 

12 

0 

160 

30 


6 

5 PZI 


G 

9 

1.7 plain 

85 

50 

6 

4.6 PZI 


H 

30 

0 

490 

170 

7 

3.5 PZI 



TABLE 2 

Weight changes in diabetic goats on hay and alfalfa diet 





WEIGHT CHANGE FOB PEBIOD 


DUBATION OF PEBIOD 

AVBBAOE DAILY 



GOAT 

INSULIN UNITS 

Loss 

Gain 


days 


kgm. 

kgm. 

1 

39 

0 

0.4 

3.1 


7 

36 PZI 


2 

26 

1.3 PZI 

0.1 


3 

4 

37 plain 

0.5 

0.3 

12 

9.2 PZI 



30 

12.0 PZI 


3.1 

4 

39 

0 

0,7 


6 

17 

0 

0.5 



Similar experiments with sucrose showed a utilization of 60-70 per cent. In 
another series of experiments in which the go 3 <t was fed alfalfa and given sucrose 
solutions to drink, carbohydrate utilization r^ around 75-80 per cent. 

Tables 1 and 2 show that these animals will gain in weight if they are given 
adequate insulin and the activity of it is spread out by protamine. Plain insulin 
does not effect this since the duration of activity of an ordinary dose is only 
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3 to 6 hours (10) and although the animal might gain some weight during this 
period it would probably be lost again during the time the animal would be with- 
out insulin activity. 

Ghwoneogenesis during fasting. To study this factor, urine nitrogen and sugar 
were determined during fasting in depancreatized and in normal control goats. 
Tables 3 and 4 give these findings. During the first few days of the fast, the dia- 
betic animals excrete the excess sugar that is present in their bodies at the time 
food is withdrawn (this includes considerable carbohydrate in the gut that 
takes some time to be assimilated). Thereafter the tissue utilization keeps pace 
with the new glucose formation so that the blood sugar level is normal without 


TABLE 3 

Diabetic goat no. X—fasting 


DAY 

WEIGHT 

HEINE VOL. CC. 
VOIDED 

HEINE SHGAE 

HEINE N CM. PEE 
EGM. PEE DAY 

NOTES 


kgm. 


m. 



1 

17.7 

1050 

15.9 

0.39 


2 

16.7 

175 

0.0 

0.12 


3 

15.6 

75 

0.0 

0.07 


4 

14.5 

130 

0.0 

0.18 


5-6 

13.6 

290 

0.0 

0.25 

Died 


TABLE 4 


Goats— fasting urinary nitrogen 


NOEMAL 

DIABETIC 

Anumil 

Days of fast 

Urinary N gm. 
per kgm. per day 

Animal 

! 

Days of fast 

Urinary N gm. per 
kgm. per day 

A 

3-6 

0.07 

X 

5-9 

0.101 

B 

6-8 j 

0.168 

X ! 

4-7 

0.09 

c 

2-10 

i 

0.146 

c 

1-5 

0.125 

Average 

0.128 



0.105 


any urinary glucose excretion. The urinary nitrogen of the diabetic animals 
parallels that of the controls, decreasing during the first two or three days, then 
staying relatively constant for several days and finally rising again as the fat 
stores of the body become exhausted. The diabetic animals showed this second- 
ary rise sooner than controls because they usually had low fat stores. 

Over-prodmtion of ketone bodie^n. Occasional tests for acetone in the urine 
were carried out. These were usually negative when the animal was receiving 
insulin and were never strongly positive when the animal was not getting insulin 
even when fasting. Five diabetic goats were followed in this regard. During 
the fasting period of one goat, ketone bodies disappeared entirely from the 
urine. 
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DISCUSSION. Present day theory of insulin action as 
textbooks is viewed either as concerned with oxidation of glucore or with pro ^ 

ing over-production of this substance. Neither of these receives support f^m 
results in the depancreatized herbivora. Indeed, if this ts^ of animal had ^ 
that which the first investigators had used instead of the dog, it is ^ 

such actions would ever have been suggested. The amomt of 
which we have found the goat and rabbit able to utdize is sufficient for the ^te 
boUc needs of the animal, so that the lack of insuhn does not lead to any ii^ffi 
Liency of glucose oxidation. Other means of disposal of glucose than that 
Ldiated by insulin must be present in the body. The tissue g uco^ utihzation 
of the fasted animal supplies only some 20 per cent of the total fuel 
This utilization is increased by feeding (12). Our results m ca 
depancreatized goat fed carbohydrate this is ^ ^ 

ly all the energy needs of the body are supphed by carbohydrate, 
plished without the aid of insulin and suggests that there are other hormo 
reeulating “immediate” glucose utilization. 

Sn the other hand, there is no evidence of over-production of ® 

apparent from the fact that the blood sugar of the depancreatized 
nomal when the animal fasts. The fact that this animal dffi 
when not given insulin and since it did so when given insulin, emp^ zes the 
important function of insulin in promoting the storage of 
deed, in the goat this seems to be practically the only use of 
food largely as fat at times when the animal has a large intake of carbohydrate^ 
This effect of insulin is its chief action in the depancreatized ^at (9)- Our 

results suggest that in the absence of insulin, J It 

by the pathway: first by conversion to fat and then oxidation of • 

follows that the other hormones regulating glucose utilization mentione 
are concerned with the direct oxidation of it and not in its conversion to storage 

^'^The large difference between herbivora and carnivora after pancreatectomy 
is of interest. The depancreatized goat and rabbit do not produce an excessive 
amount of ketone bodies when fasting. In these animals, insuhn i« ^ 
sary to prevent ketosis. One is therefore not justified in mafang any general rule 
foraU vertebrates to the effect that insuhn is necessary to hold in check an innate 
tendency to over-prqduce these substances. Insulin s^ms to Imve 
tion in carnivora, ani'hence there must be some special action of this hormone i 
these animals, probably involving the relationship of insulin to another endocnne. 
The ketogenic hormone of the anterior pituitary comes to mind in thw connec 
tion. Could insulin exert its effect in the carnivora by antagonizing the ketone- 
body producing process under the control of ketogenic hormone? Price, Con, 
and Colowick (13) have shoum that insulin can reactivate hexokma^ 
inhibited by anterior pituitary extract. By ajmlogy we may consider the pw- 
sibihty of a direct action of insulin on the ketone body Producing 
than an indirect action on the anterior pituitary itself, which would alter 
rate of secretion of ketogenic hormone). The relationship is not a simple one. 
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since increased insulin activity may lead to hypoglycemia which can cause 
ketosis (14). 

In a similar fashion we may say that insulin is not universally necessary to 
combat a tendency to excessive breakdown of tissue protein, since the fasting 
depancreatized goat shows a nitrogen catabolism which is normal. In the fasting 
depancreatized carnivora, insulin would likely have its action in combating the 
excessive protein catabolism by opposing some hormone such as that found in 
adrenal cortex extract. 


SUMMARY 

The depancreatized goat and rabbit are proper preparations for the study of 
insulin action in the body . This is because the}" can maintain a healthy steady 
state when not given insulin, so that with them suitable control periods can be 
obtained that can be compared with periods during which insulin is administered. 
Such a contrast cannot be obtained with the depancreatized dog or cat. If 
insulin is withheld from the depancreatized herbivora, there is no lack of utiliza- 
tion of glucose for current metabolic needs, and during fasting, there is no ex- 
cessive breakdown of body protein or over-production of ketone bodies. 

In depancreatized carnivora, insulin is required to combat these disturbances: 
this indicates that other hormones are involved in the production o^ these con- 
ditions in these species. 

The only apparent function of insulin in herbivora is that of mediating storage 
of carbohydrate. 
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In a previous paper (1) two of the present authors described a simple teclmique 
for studying the blood flow pattern in the arteries of the dog and cat. Evidence 
was given for the streamline nature of the flow in the arteries, and the probable 
streamline nature of the flow at the aortic orifice. The present paper represents 
a continuation of that study. Opportunity will also be taken to answer certain 
theoretical criticisms made of the earlier paper. 

Methods. Observation of the blood flow in the lower abdominal aorta of the 
cat has been improved by the use of a Incite rod, flattened at the end, and bent 
into the form of a trench, in which rests a glass segment inserted into the blood 
vessel. Light from a ribbon filament Bausch and Lomb microscope lamp was 
transmitted down the Incite rod, yielding better illumination of the blood flowing 
through the glass segment than had previously been achieved. 

Measurement of the distribution of injected India ink in the blood of various 
arteries of the cat was accomplished by the use of a Coleman sp)ectrophotometer. 
Samples of blood were drawn simultaneously from different arteries while ink 
was being injected at some point upstream, and after suitable dilution with dis- 
tilled water, the transmissions of the several blood samples to light of 6000 
Angstrom units were compared by reference to a distilled water standard. It 
was anticipated that the streamlining of the ink flow might be reflected in un- 
equal distribution of the ink to main and tributary arteries, and such proved to 
be the case. 

Results. When ink is caused to flow from a fine needle into the lumen of a 
glass segment inserted into the lower abdominal aorta, it assumes the form of a 
filament which sweeps ^own the blood vessel. This filament is formed whether 
the tip of the needle is pointed upstream or downstream. The formation of the 
filament clearly reflects the streamline nature of the blood flow. Individual 
particles of ink do not exhibit radial motion except under conditions of obvious 
turbulence, such as when a thrombus forms in the glass segment, resulting in 
violent eddy formation. It should be emphasized that under the conditions of 
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these experiments (deep anesthesia, open chest) the dynamical state of the blood 
flow in the lower abdominal aorta is very far indeed from being at a critical point 
as regards transition from laminar to turbulent flow. 

It was possible, by this method of direct observation, easily to confirm the 
finding of Broemser (2) that there is a retrograde movement of the blood in the 
abdominal aorta during a brief portion of the cardiac cycle. Individual particles 
of ink show this reversal in direction of movement. No attempt was made, 
however, to relate closely the period of retrograde movement to a particular 
part of the cardiac cycle, nor to deteimine its exact duration. It is remarkable 
that even during this retrograde phase of movement of the blood, the particles 
of ink still show no radial motion, i.e., turbulence d(3es not occur to any appre- 
ciable degree. 

Table 1 shows the distribution of ink in various arteries after injection of the 
ink at some 'point upstream. The figures are percentage transmission of the 
blood samples to light, against a reference standard. A lower figure therefore 
represents a higher concentration of ink. The data are based upon observations 
in nine cats. The control figures refer to blood samples taken from various 
arteries after ink had been injected, and ample time allowed for rc- circulation. 
The column of differences has been added to facilitate comparison of the several 
sets of data. 

Discussion. A statistical analysis of the data in table 1 is presented below. 
The test used is that designated number 194 in Neyman and Pearson's On the 
problem of the most efjkient tes's of slaiisHcal hypotheses (3). The data on the 
coeliac artery and the abdomine.i aorta above the renals have not l^een used in 
the following presentation. 

We have two supposedly noinial populations with true means a and standard 
errors a, say Pop.i with ai and ai, and Pop.2 with ^2 and 0-2, and a sample of rii 
from Pop.i and of rii from Pop.2. We may test (the null hypothesis) ai — (72, 
with the common value unspecified. As allowable alternatives ai and a2 can 
have any values, equal or not, and 02 > ai, 

Pop.i is the control group (ni = 5). 

Pop.2 will be the various experimental groups. 

Let 


Xi= - 2^ Xij 


rii —I 


»< = “ (^.7 - Xif 

ni ,«i 


and 


u = 


71282 


niSi + n2S2 


where Xi is the mean, i refers to the particular population, Xa are the j differences 
in the i population, Si is the standard deviation of population i, and u is the test 
statistic. 
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TABLE 1 


Inequalities in the arterial distribution of injected ink 


gITE or IKISCTXON 

rXK CKWT TXAMSIOISIOM OT BLOOD MOM 

DmxiBifCES 

Abdomi&al aorta 
below renals 

Renal artery 

Coeliac artery 

Left ventricle 

32.0 

29.0 


3.0 


58.5 

59.0 


0.5 


49.5 

51.5 


2.0 


62.5 

63.5 


1.0 


27.5 

28.5 


1.0 

Root of aorta approxi- 

45.0 

41.0 


4.0 

mately 1 cm. beyond 




2.0 

aortic valve 

23.5 



4.5 


31.5 

29.5 


2.0 



11.0 


2.0 


5.0 



1.0 





3.0 





1.0 


8.5 

5.5 


3.0 





26.5 


■■ 


28.5 

1.5 

Descending thoracic 

33.5 

39.0 


5.5 

aorta 

56.0 

56.0 




52.5 

40.0 


12.5 


47.0 

27.5 


19.5 


35,0 


34.0 



23.0 

37.0 


14.0 

Abdominal aorta above 

51.0 

60.5 


9.5 

renals 





Controls 

48.5 

48.5 




49.5 


50.0 



53.0 

63.0 




61.5 

60.0 




65.0 

64.0 




71.0 

71.5 


■H 


Then we reject the hypothesis <ri = if u > m where w* is determined from 
the incomplete Beta function: 

/ I 8 

u » (1 - m) * dw 

, = 

^1 ng— 8 ni~8 

u ^ (1 -- U) ^ du 
Jo 

with € the level of significance, which is taken as 0.06, i*e. the probability of re- 
jecting the hypothesis <Tt — at if it is true is 0.05. 
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Case 1. Injection into left ventricle. 

xi = 0.4 
riiSi^ = 2.7 
Til = 5 
X2 = --0.3 
71282^ = 14.8 

where pu is the probability of getting a difference in variability as great as that 
observed if there is no actual difference, no assumption being made about the 
values of means, i/o.os is greater than w, so tliis is not a significant difference at 
the 0.05 level, but would be at the 0.10 level. 

('ase 2. Injection into root of aorta. 

712 = 10 = 0.9957 

X'i = 3.9 Wo. 06 = 0.931 

U 2 S 2 " = 618.4 Pu = 0.0005 

so this is a significant difference at any level. 

Case 3. Injection into the descending thoracic aorta. 

712 = 5 w = 0.9963 

X 2 = 2.5 Wo. 06 ~ 0.865 

71282 ^ = 732.5 Pu < 0.0002 

so this is a significant difference at any level. 

The results of the foregoing analysis may be summarized as follows: 

1. When the injection is made just beyond the aortic valve, the differences 
in distribution of the ink to the lower abdominal aorta and renal artery are statis- 
tically highly significant. 

2. When the injection is made into the descending thoracic aorta, the differ- 
ences in distribution of the ink to the lower abdominal aorta and renal artery are 
statistically highly significant, 

3. When the injection is made into the left ventricle, the results are of border- 
line significance. That is to say, the differences are not significant if a level of 
significance of 0.05 is used, but are if 0.10 is used. 

The data are c onsistent with the conclusion that the blood flow close to the 
aortic valve, and throughout the aorta, is laminar, but as we emphasized in our 
original paper (1), nothing short of direct visualization of the blood flow at every 
point can decisively establish this point. The borderline results of the ventric- 
ular injections perhaps may suggest incomplete mixing in the left ventricle. 

Perusal of table 1 will show that it is impossible to predict the exact manner 
in which injected ink will be distributed to different arteries. This fact may be 
due to a variety of circumstances, chief of which, probably, are the position of 
the needle during injection, and the variability in size and angle of branching of 
the tributary arteries. Thus the renal artery is sometimes large and sometimes 
small, and may be double. The angle which it makes with the aorta is subject 
to considerable variation. 


W 2 = 5 
w = 0.846 
Wo. 06 = 0.865 
pu = 0.064 
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Visscher and Hemingway (4) have criticized certain statements made by two 
of the present authors in an earlier paper (1). These criticisms will be presented 
in full: 

1. ''However the above authors fail to state that their calculations are valid 
only for instantaneous velocities. Actually during the course of a single ejec- 
tion phase a time-velocity function must be considered, as was pointed out by 
Katz.’’ 

2. "Unfortunately, Ralston and Taylor stated that in calculating cardiac 
work 'the classical (frictionless flow) formula should be used when the flow is 
known to be turbulent.’ This assertion ignores the fact that when flow is turbu- 
lent the energy cost of giving forward velocity is greater than the kinetic energy 
of forward movement, because in turbulence a large share of the energy expendi- 
ture is dissipated in rotational movement. It is precisely because extra energy 
must be supplied to overcome the increased resistance due to turbulence that 
conditions that cause turbulence raise the work of the heart. Thus, although it 
is roughly true that the kinetic energy of forward motion in turbulent flow is 
approximately i mvS it is an error to suggest that the work of the heart may be 
measured by that expression when flow is turbulent.” 

The first criticism may be answered by stating the fact that in the earlier 
paper (1) particular reference was made to the more refined integral formula of 
Katz, it being merely pointed out that since the kinetic energy term in laminar 
flow is approximately twice that in turbulent flow, the summation implied by 
the integral must omit the factor |, since each term of the sum will differ by that 
same factor. 

In the second criticism, certain principles of fluid mechanics have been over- 
looked. Many years ago the British engineer Reynolds, cited by Bingham (5), 
showed that the pressure gradient in fluid flow is proportional to the mean veloc- 
ity raised to some power, this power being 1 for laminar flow and approximately 
1.7 for turbulent flow. The pressure-velocity relationships are therefore quite 
different in laminar compared with turbulent flow. The usual approximate 
formula for the work of the heart includes both a pressure term and a velocity 
term, and it is the sum of these which measures the work of the heart. The fact 
that the kinetic energy term in laminar flow is approximately twice that in 
turbulent flow therefore should cause no anxiety. 

It must be freely admitted that the kinetic energy term in laminar flow is 
always so small compared with the pressure energy term that it may be neglected. 
For this reason we do not wish unduly to insist upon the use of the revised 
formula when the flow is known to be laminar. It is of great importance, how- 
ever, that the dynamical pattern of the blood flow be kept clearly in mind in 
studies on the circulation. When Starr et al. (6) formulated the theory of the 
ballistocardiograph, they used the data of Machella (7) on the blood flow veloci- 
ties in the aorta of the dog. Machella calibrated his measuring device by deter- 
mining the rate of volume flow* of blood from the vessel and dividing this by the 
cross-sectional area of the lumen, thus obtaining the mean linear velocity. 
Under the conditions of the calibration, however, the velocity pattern must have 
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been very different from that obtaining within the intact vessel. With such a 
mode of calibration, one could only be justified in saying that the blood flow in 
the intact vessel behaved as though it had a certain mean velocity. The situa- 
tion is exactly analogous to that occurring in radiation studies, where a radiation 
known to be heterochromatic is assigned a single “effective** wave-length, on the 
basis of its having absorption characteristics like those of a monochromatic radia- 
tion of that particular wave-length. It is extremely suggestive that Machella 
noted in his paper that, for a given mean velocity, the cooling powers of blood 
and water were not at all what one would expect from their respective specific 
heats, and suggested that viscosity might be an important factor in producing 
these differences. 


SUMMARY 

1. Observation of the movement of particles of ink in a glass tube inserted 
into the lower abdominal aorta of the cat shows that the flow is streamlined 
under the conditions of the experiments. Broemser’s finding of a retrograde 
movement of the blood during a brief portion of the cardiac cycle is confirmed. 

2. Evidence is given that ink injected into the root of the aorta near the aortic 
orifice, or into the descending thoracic aorta, may be unequally distributed to 
tributary arteries. These findings are consistent with earlier evidence for lami- 
nar flow in the aorta. 

3. Certain criticisms of an earlier paper, pertaining to the revised formula for 
the work of the heart, have been discussed. 

4. The importance of recognizing the dynamical pattern of the blood flow in 
studies on the circulation has been emphasized. 
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Clarification of the problem of plasma prothrombin stability was the primary 
purpose of this study. Evidence is presented indicating that oxalated bovine 
plasma stored at 5®C. retains most of its prothrombin activity for several weeks. 
'The evidence is based upon prothrombin analyses made by the quantitative 
2-stage method of Warner, Brinkhous and Smith (11,12). It is supported by 
prothrombin isolation experiments. In addition, stability studies made with 
purified prothrombin preparations are included which provide substantial 
evidence that oxalated bovine plasma contains prothrombin stabilizing factors. 

"A! number of investigators (6, 8, 9, 14, 16), all of whom used the 1-stage method 
of X^uick (7) for measuring prothrombin time, have concluded that prothrombin 
disappears rapidly from blood or plasma which is stored at low temperatures. 
Page, and de Beer (6) found an increased prothrombin time in human plasma 
stored for 1 hour at 5®C. Quick (8) reports that he has repeatedly found a 
reduction of prothrombin in oxalated blood when stored for 24 houre in an 
ordinary refrigerator. The losses occasionally amounted to as much as 50 per 
cent. Rhoads and Panzer (9) concluded that “bank blood^^ was no longer a fit 
source of prothrombin after 3 days at 4®C. Other workers (1, 3), using the 
1-stage method, found good prothrombin stability for several days in blood 
stored at low temperatures. 

* Reports of prothrombin stability in preserved blood have been made by 3 
groups of workers where both the 1 -stage and the 2-stage methods of analysis 
were used. Each group found good prothrombin stability using the 2-stage 
method. Lord and Pastore (4), using the 2-stage method, found 80 per cent of 
the prothrombin remaining in bank blood after 9 days at 2 to 4®C. Sixty-one 
per cent of the activity could still be accounted for at the end of 3 weeks. The 
1 -stage method showed a 77 per cent loss within 6 to 8 days and 86 per cent at 
the end of 3 weeks. Ziegler, Osterberg and Hovig (15) reported a decrease with 
the 2-stage method ;n the prothrombin titer of banked blood to about 70 per 
cent of the initial value in 14 days and to 42 per cent in 37 days. In this study 
they found an increase in prothrombin time with the 1-stage method from 18 to 
29 seconds after 37 days^ storage. In citrated human blood stored at 3 to 5°C. 
Warner, DeGowin and Seegers (13) found 70 per cent activity at the end of 3 
weeks (2-stage). The other method showed a greater loss but no instances were 
found in which the prothrombin value fell to less than 40 per cent of the control 
level during 3 weeks of storage. 

It is not logical that the 2-stage method would reveal greater amounts of 
prothrombin than actually exist. Since the 1-stage method usually indicates 
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the lower values after storage it may be presumed that this method is in error 
because it is dependent upon a number of variables which themselves are altered 
by storage. Based on this reasoning it may be concluded that prothrombin is 
relatively stable in blood or plasma under normal storage conditions. It has 
been possible to support this conclusion with other evidence which is included in 
this report. 

Methods. Bovine plasma. Bovine blood was obtained at the slaughter 
house where one volume of anticoagulant (1.86 per cent K2C204-H20 + 0.6 
per cent H2G204*2H20) was thoroughly mixed with 16 volumes of blood. As 
soon as possible the plasma was separated by centrifugation and either used 
immediately or stored at — 30°C. 

Purified prothrombin. The purified prothrombin products used in these 
experiments were prepared according to the methods described by Seegers, 
Loomis and Vandenbelt (10). 

Imidazole buffer. One and seventy-five hundredths grams of imidazole (East- 
man Kodak) were dissolved in 90 cc. of 0.1 N. HCl. The pH was adjusted to 
7.26 with concentrated HCl or NaOH and the mixture was then diluted to 100 cc. 
volume with water. 

Prothrombin analysis. The method of Warner, Brinkhoiis and Smith (1 1 , 12) 
was used both for plasma prothrombin assay and for the prothrombin products. 

Experimental. Stability of plasma prothrombin. Four samples of fresh 
oxalated plasma, each from a different cow, were placed at 5®C. Prothrombin 
analyses were made at inter\’als for 80 days. The results are presented in figure 
1. Approximately 90 per cent of the protlirombin activity remained after 2 
weeks’ storage. The prothrombin titer continued to decrease slowly for the 
remainder of the study. In 2 of the plasma samples 55 and 40 per cent of the 
activity was present after 80 days of storage, in spite of the fact that some 
bacterial decomposition had taken place as indicated by strong odors. 

Stability of prothrombin in reconstituted dried plasma. Kazal and Arnow (2), 
using the 1 -stage method, reported that drying of plasma from the frozen state 
does not destroy prothrombin but that it is necessary to reconstitute with dis- 
tilled water and CO2 to pH 7.2 in order to obtain a solution in which prothrombin 
is stable at room temperature for 24 hours. In view of their results and the 
fact that we have often had difficulty drying purified prothrombin, we con- 
ducted the following experiment. 

A 25 cc. portion of pooled oxalated bovine plasma was dried from the frozen 
state and reconstituted the following day with distilled water plus 1 cc. of 
imidazole buffer. One cubic centimeter of buffer was added to a 25 cc. control 
plasma sample which had not been dried. The pH of the dried reconstituted 
plasma plus imidazole was 7.9; that of the unaltered plasma plus imidazole was 
7.3. The results (fig. 2) show that there was a loss of approximately 10 per cent 
of the prothrombin activity in both the unaltered and in the dried reeonstituted 
plasmas after 26 days of storage at 6®C. 

Stability of purified prothrombin. Prothrombin product number 8 described 
by Seegers, Loomis and Vandenbelt (10) is prepared by acetic acid precipitation 
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from diluted plasma, adsorption on magnesium hydroxide and elution with CO 2 . 
These products are not as stable as native plasma prothrombin although they 
rarely show much loss in activity at room temperature within 24 hours. How- 
ever while standing for several days at room temperature small quantities of 
thrombin appear and then the prothrombin disappears rather rapidly. It has 
been shown by Mertz, Seegers and Smith (5) that potent thrombin preparations 
inactivate prothrombin. 

Stored plasma as a source of prothrombin. If stored plasma contains as much 
prothrombin as indicated by the 2-stage analytical procedure it should be possible 
to separate this prothrombin by suitable isolation techniques. Prothrombin 
product number 8 has been prepared exactly as described elsewhere (10) from 




Fig. 1. Stability of prothrombin in 4 samples of oxalated bovine 


plasma stored at 5** C. 


identical quantities of pooled plasma, part of which was frozen immediately after 
collecting, and the Temainder stored at 8°C. for 18 days. The frozen plasma, 
stored at -30®C., showed no loss of prothrombin activity after thawing,, hut 
in the plasma stoyed at 8®C. the prothrombin concentration dropped tc 71 
per cent of the orijpihl during the 18 day period. As shown in table 1 . the two 
prothrombin products were obtained in almost identical percentaje yields. 
This experiment dispels any doubt, not only as to the actual pr(‘S( ace of pro- 
thrombin in the storage plasma but also shows that the 2-stage method of 
analysis gave a true indication of the actual quantity present. The stability 
of both these prothrombin products was the samF. 

Stability of prothrombin products with high spe 'fjic ariwity. When prothrombin 
product number 8 is further purified by means of (NH 4 ) 2 S 04 fractionation and 
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subsequent dialysis, as described by Seegers, Loomis and Vandenbelt (10), the 
resulting product possesses very poor stability characteristics in physiological 
saline solutions. At room temperature there is usually a rapid loss of activity 
during the first few hours. The rate of destruction decreases with time so that 
after several days some activity still remains. 

When these purified products are dried from the frozen state and dissolved 
in oxalated plasma our data indicate that they are as stable as native plasma 
prothrombin. Therefore, oxalated plasma contains factors which contribute 




25 cc. plasma plus 
I cc imidazole buffer 
pH of mixture *7.3 

25 cc reconstituted dried plasma 
plus i cc imidozole buffer 
pH of mixture * 7.9 

-1 _i I I 1 

5 10 15 20 

TIME IN DAYS 





10 15 
TIME IN HOURS 



Fig. 2. (Top, left) Stability of prothrombin in dried oxalated bovine plasma restored and 
kept at 5® C. 

Fig. 3. (Top, right) Stability, at room temperature, of purified prothrombin with high 
specific activity. 

Fig. 4. (Lower, left) Stability, at room temperature, of purified prothrombin of high 
specific activity when added to oxalated bovine plasma. 

Fig. 5. (Lower, right) Stability, at room temperature, of purified prothrombin of high 
specific activity when mixed with 30 per cent plasma, and when mixed with 30 per cent 
plasma plus sulfanilamide. 


to the stability of prothrombin. Figure 3 illustrates the stability of such a 
purified prothrombin product, at room temperature, in 100 per cent plasma and 
in physiological saline solution. The oxalated plasma solution retained its full 
activity for 22 hours in spite of the fact that this prothrombin product wsls 
exceptionally unstable in physiological saline. The experiment was arranged 
so that the plasma itself would contribute only about 5 per cent of the total 
prothrombin activity. It is of interest that small amounts of thrombin appear 
in the saline solution on standing. Originally the purified product contained 
2 units of thrombin per cubic centimeter or slightly less than 0.04 per cent of the 
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total prothrombin units. This quantity of thrombin increased 8-fold after 5 
hours and 22-fold at the end of 22 hours. If thrombin was formed in the pres- 
ence of the plasma it was inactivated by antithrombin since a detectable amount 
was not present at the end of the period. 

It is known that certain thrombin preparations inactivate purified pro- 
thrombin (5). This proposes the question as to whether prothrombin stability 
in plasma is due only to the action of antithrombin which rapidly removes 
traces of thrombin impurities. That antithrombin is not the principal stabilizer 
is indicated by the data summarized in figure 4. The same prothrombin product 
used in the experiments illustrated in figure 3 was dissolved in saline solutions 
containing varying amounts of oxalated plasma. There was never any 
detectable thrombin in the samples containing 5 per cent plasma or more, but, 
nevertheless, with dilution the plasma became progressively less effective as 
a stabilizing agent. In the sample containing 2 per cent plasma there were 
7 units of thrombin after the 30 hour period at room temperature. 

In figure 5 additional stability data are presented. The 30 per cent plasma 
showed good stabilizing properties for 24 hoi^rs at room temperature. At 
72 hours the prothrombin activity had decreased to about J of the original. 
After this interval of time there was bacterial decomposition in both the saline 
and in the 30 per cent plasma solutions. We anticipitated this and added 
sulfanilamide to one sample. This 30 per cent plasma solution of prothrombin 
saturated with sulfanilamide was stable for more than G days. The additional 
stabilizing effect probably resulted mainly from suppression of bacterial action. 
Sulfanilamide alone lepeatedly shows a stabilizing effect on saline solutions of 
purified prothrombin, but its quantitative effectiveness is variable. The 
results shown on figure 5 are very likely a combined effect of plasma, specific 
action of sulfanilamide, and sulfanilamide inhibition of bacterial action. 

In an attempt to find the prothrombin stabilizing factor in plasma we tested 
the effect of crystalline bovine albumin on purified prothrombin solutions. 
It was found that albumin solutions of 0.5 and 5.0 per cent, at pH 7.0, had no 
stabilizing effects whatsoever. 

It is of further interest that (NHOiSOH appears to act as a stabilizer of purified 
prothrombin. Table 2 illustrates the effect on 8 different purified products and 
should be compared with figures 3, 4 and 5. Four per cent (NH4)^04 solutions 
of prothrombin (about 10,000 units per cc.) usually show fairly good stability 
at room temperature. 

Prothrombin concentration in bovine plasma. Prothrombin concentrations 
of 160 to 250 units per cc. were found initially in the different bovine plasmas 
used in experiments summarized in table 1, figures 1 and 2. These studies 
were made at different periods of the year and we suspect that there is a seasonal 
change in bovine plasma prothrombin concentration. 

Discussion. It is evident that oxalated beef plasma contains a stabilizing 
factor or factors for prothrombin. The various repoits of poor prothrombin 
stability in stomd blood and plasma as measured by the 1-stage method make 
it apparent that this method oi prothrombin analysis is affected by variables 
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other than changes in concentration of prothrombin. The 2-stage method 
provides for complete conversion of prothrombin to thrombin thus eliminating 
as variables those factors which alter the speed of the reaction. The newly 
formed thrombin is allowed to clot a standard fibrinogen solution in a constant 
medium so that the only significant variable in the entire procedure is the 
prothrombin concentration. Its dependability as a quantitative method for 


TABLE 1 

Isolation of prothrombin from oxalated bovine plasma 



FLASICA STORED AT 8“C. 

PLASMA STORED AT — 30*C. 

Units per cc. at 0 days 

175 

175 

Units per cc. at 18 days 

125 

176 

Units isolated 

245,000 

370,000 

Per cent yield 

65 

70 



TABLE 2 

Stability of prothrombin in ammonium sulfate solutions at 25^C. 


PROTHROMBIN 

PRODUCT 

PURITY U/MG 
TYROSINE 

1 PER CENT 

(NH4)tS04 

pH OF SOLUTION 

STABILITY AT ROOM TEMPERATURE 

60520 

10,900 

4 

7.0 

No loss in 20 hours. 
50% loss in 48 hours 

60523 

15,600 


7.0 

1 20% loss in 24 hours 

61204 

13,100 

4 

6.0 

12% loss in 3 hours. 
18% loss in 4 hours. 
51% loss in 24 hours 

70113 

13,000 

4 

6.0 

No loss in 3 hours 

70114 

11,900 

4 

6.0 

35% loss in 3 hours 

70115 

11,300 

4 

5.5 

17% loss in 4 hours 

70120 

8,400 

4 

6.0 

22% loss in 3 hours 

70203 

10,900 

4 

6.0 

27% loss in 2^ hours 


prothrombin is demonstrated by the isolation work described above where 
prothrombin was obtained from storage plasma in a yield predicted possible 
from the 2-stage analysis of the plasma. 


SUMMARY 

1. Prothrombin in oxalated bovine plasma is relatively stable at 5®C. In 
4 samples of plasma an average of 90 per cent of the prothrombin remained 
after 2 weeks. In 2 samples approximately 50 per cent was accounted for 
after 80 days^ storage. 
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2. Oxalated bovine plasma which was dried from the frozen state and re- 
constituted with buffered distilled water lost only 10 per cent of its prothrombin 
in 26 days at 5°C. 

3. Prothrombin has been isolated in a high yield from bovine plasma stored 
at 8®C. for 18 days. 

4. Purified prothrombin products which are unstable at room temperature 
are stabilized when dissolved in oxalated bovine plasma. 

5. Crystalline bovine albumin is not a prothrombin stabilizing agent. 

6. Ammonium sulfat/e solutions tend to stabilize purified prothrombin. 

We wish to thank Parke, Davis and Company for supplying quantities of 
plasma and for funds for a graduate research fellowship. 
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Studies of the carbohydrate metabolism of animals subjected to anoxia are 
of interest because of the changes taking place in the endotTine system under 
these conditions, and l)ecause of the obvious ad\'antages of utilization of an 
oxygen-rich metabolite dining anoxia. One phase of this study is associated 
with the changes ir amounts of liver glycogen before and after exposure to low 
liarometric pressure. 

Methods. The li\’er samples used for the determinations presented in this 
report were taken from albino rats (Sprague- Da wley) exposed to 379 mm. Hg 
(18,(KX) ft. equivalent) in a large steel deiampression chamlier^ one hour per 


TABLE 1 


ANIMAL NO. 

i 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

.\VR. 

Control % Glycogen . . 

3.40 

2.13 

2.65 

0.88 

2.23 

0.69 

1.72 

0.72 

2.31 

0.52 

2.57 

1.92 

1.66 

1.80 

Exposed % Glycogen. . 

0.35 

0.27 

1.11 

0.33 

0.21 

0.12 

0.22 

0.19 

0.11 

0.09 

0.85 

0.34 

0.24 

0.26 


day for nine weeks. During the experimental period they were given dog 
chow ad lihidmn both at sea level and during exposure to “altitude^\ At the 
end of nine weeks the animals were fasted for eight hours and sacrificed under 
nembutal anesthesia. Liver samples were taken, weighed, and macerated in 
95 per cent alcohol to prevent glycolysis. This allowed storage of the samples 
until it became convenient to perform the glycogen analysis. Glycogen anal- 
ysis was peiioiTned by Sahyun's method (1), the alcohol added earlier being 
driven off by the initial heating of the latter procedure. 

Results. The amounts of glycogen present in liver samples of 13 animals 
previously exposed to discontinuous chronic anoxia and of 13 carefully paired 
control animals are given in table 1. 

Discussion. Evans (2), Lewis, Thorn, Koepf and Dorrance (3) and Xims, 
Langly and Glarke (4) reported very high liver glycogen contents in rats after 
exposure to 18,000 and 25,000 feet simulated altitude for single 24 hour periods. 
This was correlated in their studies with hypertrophy of the adrenal cortex and 
a corresponding increase in the production of adrenal cortical hormone. It 
was also shown by Lewis et al. that this phase of high liver glycogen was pre- 

' Appreciation is expressed for the use, in this study, of a decompression chamber be- 
longing to, and on the grounds of, the National Institute of Health, U. S. Public Health 
Service, Bethesda, Maryland. 
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ceded by a period during which there was marked depletion of the carb(> 
hydrate reserves. Thorn, Jones, Lewis, Mitchell and Koepf (5) showed, posi- 
tively for rabbits and also indicated in the case of rats, that repeated daily 
exposures to low pressure produced an appreciable reduction in liver carbo- 
hydrate stores within a 36 day period. 

The present paper confirms the observation of Thom et al. that repeated 
daily exposure to anoxia brings about the depletion of liver glycogen. 

In addition, since the experimental period in the present experiment was 
long enough (9 weeks) that regression of endocrine changes associated with 
“acclimatization” had occurred^ the depletion observed may be interpreted as 
further evidence of exhaustion of the mechanism imparting hepatic glycogenic 
function. 
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Tlie finding that a definite relationship could be established between the 
body temperature and the arterial pressure in warm-blooded animals (1) as well 
as in cold blooded animals (2) suggested that other adjustments to body tem- 
perature changes might be elicited. To test this possibility the blood sugar of 
chickens (Galhis domesticus) was determined at various body temperatures. 

Methods. Twelve white leghorn chickens, 10 to 16 weeks old, were used. 
Tlie animals were cooled by means of ice packs applied to the body, and w armed 
by radiant heat from tw o 150 watt Spot Reflector light bulbs placed about 30 
cm. from the body. The rate of body temperature change was about TC. per 
10 minutes during cooling, and about TC. per 8 minutes during 'varming. 
Blood samples (0.2 cc) were drawn immediately after each 5°C. body tem- 
perature change. Blood glucose was determined using the micromethod of 
Somogyi (3). 

Results. The control blood sugar in our series of chickens averaged 170 
mgm. per cent, ranging from 142 to 199. The animals were divided into two 
groups. Group 1 was cooled first, and then warmed (table 1). Group two 
wns warmed first and then cooled (table 2) . 

Since 45° and 25°C. were found to be approximately the critical temperatures 
for survival for the chicken, we did not maintain the animals at these tempera- 
tures for more than a few' minutes. 

Blood sugar levels showed irregular variations in 6 chickens when they were 
maintained at normal body temperature for periods of tw o to four hours. The 
hourly averages for the group in the control period ranged from 177 to 182 mgm. 
per cent. 

It can be seen from table 1 that cooling of the chicken from the normal body 
temperature of 41.5°C. resulted in a fall in blood sugar w hich was progressive as 
cooling of the animal continued, reaching values at 25°G. w hich were 65 per cent 
of the control levels. Rew’arming of the animals at this time was fbllowed by a 
return of the blood sugar to almost the control values at 40°C. Continued 
warming above the normal body temperature levels led to a more rapid rise in 
blood sugar. At 44°C. the average blood sugar was 26 per cent above control 
levels. Inspection of the data suggests the presence of a lag in the adjustment 
of the blood sugar to the changes in body temperature. 

In table 2 the lag in adjustment to body temperature can be seen more clearly. 
Thus, the average blood sugar remained unchanged at the time of sampling 
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when the animal had been warmed to 44°C. The animal was then permitted 
to cool spontaneously to its control body temperature. Samples taken at this 
time showed an increase of 22 per cent. Further cooling by means of application 
of ice packs to the body resulted in a progressive reduction of the blood sugar 
until death occurred at about 22 to 23°C. It was noted that these animals 
were somewhat more resistant to the lethal effects of cooling than those which 
were cooled without a preliminary warming. Although the blood sugar con- 
tinued downward with cooling, it can be noted that the average blocxl sugar 


TABLE 1 



values were consistently higher than those obtained in the animaLs which were 
cooled without the prelirninary warming. 

Discussion. These results on the relationship between the body temperature 
and the blood sugar are in line with our concept that there is an active integration 
of various aspects of bodily function to changes in body temperature. That at 
least of these correlations are a function of the central nervous system is 
indicated by our finding that the body temperature-arterial pressure relationship 
in the turtle is destroyed by section of the cervical spinal cord or by destruction 
of the brain (4). 

The blood sugar response to changes in body temperature occurs more slowly 
than does the blood pressure response. The blood pressure changes occur withm 
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a few seconds after the temperature stimulus is applied, while the lilood sugar 
lags behind the temperature change by about 30 minutes. This would indicate 
that the blood pressure response is mediated directly by neural mechanisms, 
while the blood sugar response is dependent upon a more complex, slowly mcv 
bilized mechanism. These correlations of blood pressure and blood sugar with 
body temperature changes merit further work to determine the integrating r61e 
of the central nervous system. 


SUMMARY 

1. A direct relationship has been demonstrated in the chicken between the 
body temperature and the blood sugar, the latter l^eing the dependent variable. 
The implications of these findings art> discussed. 
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In the last few years a tremendous amount of study has been directed toward 
the etiology and pathogenesis of respiratory disease. Quantitative studies of 
respiratory infection by the cloud chamber method require that the respiratory 
volume of test animals l)e known in order to calculate the dose of agent used. 
Because data in the literature on respiratory volume of laboratory animals are 
very scanty, a comprehensive study of this subject was undertaken. 

Methods. The yarious methods used for the determination of respiratory 
volume may be classed under five different headings: 1, respirograph method 
(5, 7); 2, valve method (2); 3, air flow methods (1, 8); 4, indirect calculation 
from Oj consumption (4, 9) ; and 5, an acoustic respirograph method (0). Two 
valve methods and one modified respirograph method have been used in the 
investigations described in this paper. ..... 

A. Valve methods. The valves used were of delicate construction utilizing 
very minute t.hin rubber discs, which were hinged loosely over the tips of polished 
glass inlet and outlet tubes. 

These valves were then connected directly by means of a glass seal either to a 
tight-fitting headpiece or to a tracheal cannula. 

Collection of air from the outlet valve was accomplished by the two methods 
shown in figures 1 and 2. When the collection apparatus shown in figure 1 is 
emplo.yed, the expired air enters via the rubber tube attached to the top of tha 
mercury-filled collecting chamber, which may connected to the water or 
mercury manometer on either side of tlie collecting column. By manipulating 
the stopcock at the bottom of the collecting column, mercury is allowed to fall 
at a rate which will exactly equalize that of the expired air and maintain pressure 
within the chamber at exactly zero. By measuring the fall of the mercury 
column for one minute while the pressure within the chamber is maintained at 
atmospheric pressure, the respiratory volume per minute may be measured 
directly. In using this method, the only obstruction to the flow of air is a very 

slight back pressure from the valves. _ 

The second apparatus for ccrflecting the expired air is shown diagrammatically 
in figure 2. It is so constructed that no water can flow from the upper siphon 
jar into the lower jar until an equal volume of air is introduced into the airapaw 
above the water in the upper jar. Special precautions have been taken in the 
design of this apparatus so that the pressure against which the animal must 

1 Data presented on work carried out at Camp Detriok, MaryUnd, between 1 March 1945 

And 1 October, 1945. 

^Present address: Warm Springs, Ga. 
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breathe is always constant and veiy small. By raising and lowering the inlet 
tube to the upper jar, the pressure for flow of water Irom the upper bottle to the 
lower bottle may be adjusted from k;ss than zero to considerably^ greater^than 
zero. If the critical pressure is less than zero, water will flow of its own ac(;ord 
without an expiratory effoi’t on tli(^ ])art of the animal. If, however, the glass 
tube is moved downward, the criti(!al pressure becomes positive and water flows 
from the upper bottle to the lower one only when the animal is expiring air. 



Fig. 1. Mercury collecting column for expired air. 
Fig. 2. A special water trap for collecting expired air. 


For practical purpose's, during use of this nu'thod, the tube is set so that the 
animal breathes against appi-oximattdy .V cm. of watei’ pn-ssui’c, this \'alue Vx'ing 
negligible as an obstruction to respiration. The respiratory \mlume is then read 
diiectly from the calibration of the lower bottle, dhe (^xtra. tubes shown in the 
diagram arc necessary to pre^vent airblocks within the apparatus. 

Measurements using tlie head valve method were made only on mice because 
of the difficulty of eliminating dead spac.e within the mask when larger animals 
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were used. With mice, practically all of this dead space was eliminated by 
placing large quantities of vaseline between the mouse’s face and the form fitting 
mask. In tha use of the tracheal valve method, the cannula was devised so that 
the dead space was essentially equal to that of the normal animal. In using this 
method, tlie animal was anesthetized with ether, the trachea cannulated, and 
anestliesia stopped. During the somnolent phase, the animal breathes regularly 
without struggling and measurements with the tra(;heal valve were made at this 
point in the recov ery from anesthesia. All measurements were of necessity made 
with th :" animal on its back wit.h some restraint necessary to hold it in place. 

B. The oscilloscopic respiroyraph method. The ix^spirograph metliod used in 
this study for the determination of respiratory voluim? involves an (uitirely new 
principle, and approaches normal physiological conditions more nearly tlian any 
method which has \mni found in t he literature. In most methods of deh‘rmining 
nvspiratory volume animals must breathe against valves or then' is ineilia in 
moving i)art s of the apparatus. Nh'arly all methods utilize masks with consifler- 
af>le dead spa(^e, and sevtu'al require' pure oxygem. The respirograph desci’ibed 
hero, thereton^, has Iveen so devised that tlie animal l)reathes normal air at {ill 
times, tlie de{id space within the mask caus.'s no errors IxH'ause of constant 
renewal of air, and th?. animal breathi's against a n^sisttinco many times k'ss than 
that caused by the usual waive. 

The respirograph apparatus is illustnited in figure' 3. Watt'r flows directly 
from the upper to the lower bottle. Then, from the lower bottle air flows past 
th(' head of the^ mouse into the upper liottle, the'reby compk'ting a closed cinaiit . 
The mte of air flow is i djusted so that the v-ohime of {lir is at kaist five timi'Si^s 
gixait as that required for normal respinition of the animal. A third tube leads 
fi’om the headpieia.' to an airtight bellows on the top of wliich is an electrical 
comkaiser made of alternati^ layers of insulating paper and tinfoil. As the ani- 
m.al bre{itlies in and out, pressure within the bottles and the bellows {ilf,ernately 
increases and decreases by a minute amount. The' plates of the condenser like- 
wise alternately liecome closer and farther apart. By ust' of a sp(xu{il electrical 
{ipp{ir{itus, shoNMi in figure 4, variation of the I'lectrictd capacity of tlw' condenser 
causes a wave to rise and fall on the screen of a c^athode-ray oscillograph as show n 
in figure 3. The syringe (;onnected to the bellows is used to calil)rate the 
apparatus with each determination of respiratory volume. All readings may be 
made directly from the screen of the oscilloscoiie or the respiratory pattern of the 
animal’s breathing may be accurately recorded with a continuous cameni as 
shown in figure 5. Sensitivity of the apparatus is such that 1/1,000,000 of {in 
atmosphere pressure change can be detected, and 1/100,0(X) of an {itmosphere 
pressure cluxnge can be measured accurately. Errors in these me{isurements may 
occur, however, when the connecting tubes are too small, thereby causing a 
lag in the establishment of pressure equilibria throughout the system. The 
use of large tubes and freciuent testing of the equipment minimize this error. 

The electrical appar{itus shown in figure 4 oj^erates as follows: The 0,15 tube 
is simply an audio oscillator operating at approximately 0000 cycles. The 
output of this feeds into a capacity-resistor bridge circuit which normally is 
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balanced at its midpoint to near extinction of tlie oscillat or si^m*l. The signal 
from the midpoint of the bridge is f(‘d into a two stage amplifier utilizing two 
()SJ7 tul)es. The output of the sec^ond stage of amplification is coupled directly 
to the input of an ordinal y commercial oscilloscopes, but part ot this output 
signal is aliolished by the short-circuiting action of a til 10 tube which is used in 
a limiter circuit. This limiter circuit nsmoves a great portion/)f the l)ac;kground 
signal and leaves cssesntially the signal which is modulated, Obvioi sly tlie 
voltage of the signal recorded on the oscilloscope despesnds on how msarly balanced 
the bridge (arcaiit haiipens to Iml The varying pressure condenser forms a pert 
of this bridge; circuit at point X. Therefoie;, wheai the conelenser plates aie 


RESPIROGRAPH 



pre‘sseel closer together’ or are spreael farther ajiart, the brielge^ circuit is eitlier 
mem; or less nearly balanced, anel likewise the; eiuantity signal which passers 
threiugh the amplifier ^alries with the eaipaeaty of the pressure; condenser. The 
horizontal sweep of the osealloseaipe is synch re )nizeel with the' oscillateir signal to 
give a rising and falling wave as sheiwn in figure 8. To give; a rising and falling 
line for camera recoreling, the horizontal sweej) is aeljusteel te) zeua). 

Animals tested by the above modified re;spirograph methoel were uneler as 
nearly normal physie)le)gical e;e)nelitie)ns as perssibh; exce'j)! fe)r the matter of fe ar. 
This was overcome l)y allowing the animal to remain in the heaelpk'ce for a long 
perie)el of time before actmd measurements were made. As a, matter of practie;e, 
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after several minutes in the headpiece, the animal remained quietly in place and 
breathed very evenly, as shown in the respirogram of figure 5. The volume of 
the bottles used in the experiments was adjusted for different animals so that 
enough air was present to last usually for 10 minutes, and so that the operating 


TO external synchronism 

OF OSCILLOSCOPE TO OSCILLOSCOPE 



6J5 6SJ7 6SJ7 6H6 


Fig. 4. Electrical diagram of capacity recorder used in the oscilloscopic respirograph. 



Fig. 5. Respirogram recorded from a guinea pig (time marks every 3 sec.). 


pressure within the system varied from atmospheric pressure approximately 
1/5000 of an atmosphere with each respiratory cycle. Before making measure- 
ments, the apparatus was tested for leaks, and these were eliminated by the use of 
petrolatum at all joints, including the gap betwetui the head of the animal and 
the edge of the headpiece. 
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TABLE 1 



METHOD 

NO. 

DETEEM. 

! 

WT. (grams) 

RESP./MIN. 

TIDAL AIR 

(cc.) 

RESP. VOL/MIN. 

(cc.) 

Mice 

1 

56 

Min. 

12 

84 

0.09 

11.1 




Max. 

26 

230 

0.23 

35.8 




Av. 

19.8 

163.4 

0.154 

24.64 

Mice 

2 

15 

Min. 

12 



20.6 




Max. 

25 



35.5 




Av. 

20.7 



28.1 

Mice 

3 

7 

Min. 

16 



11.4 




Max. 

21 



24.0 




Av. 

18.8 



17.7 

Cotton rats 

1 

27 

Min. 

49 

75 

0.24 

22.8 




Max. 

130 

115 

0.70 

71.4 




Av. 

76.8 

94.5 

0.353 

39.6 

Hamsters 


65 

Min. 

65 

33 

0.42 

33.3 




Max. 

134 

127 

1.16 

82.8 




Av. 

91.6 

73.0 

0.826 

60.9 

Hamsters 

3 

34 

Min. 

74 



25 




Max. 

121 



66 




Av. 

95.7 



47.8 

White rata 

1 

1 35 

Min. 

63 

66 

0.60 

19.8 



1 

Max. 

152 

114 

1.25 

101.2 



! 

Av. 

112.8 

85.5 

0.866 1 

72.9 

White rats 

3 

32 

! Min. 

63 1 



56 




i Max. 

179 1 



102 




Av. 

110.2 



75.8 

G. P. 

1 

61 

Min. 

274 

69 

1.0 

100 




Max. 

941 1 

104 

> 3.9 

382.2 




Av. 

466 

90.3 

i 

155.6 

G. P. 

3 

49 

Min. 

274 


i 

1 

87 




Max. 

941 


j 

329 




Av. 

477 

1 

1 

154.1 

Rabbits 

4 

31 

Min. 

792 

1 

1 

j 

! 

279 




Max, 

3090 


i 

1208 




Av. 

2069 


1 

j 

800 

Monkeys 

b 

6 

Min. 

2050 

31 

! 9.8 

311 




Max. 

3080 

52 

29.1 

1410 




Av. 

2682 

40 

21.2 

863 

Man 

5 

10 

Min. 

55,700 

! 10.5 

315 

4,900 




Max. 

82,100 

1 19.3 

745 

12,200 




Av. 

68,500 

1 14.2 

616.6 

8,732 


Methods: 1. Uamg oscilioeoopic reapirograpb and reiiordin^ directly from the screen of the osoUlosoope. 

2. Using head valve method and collecting expired air over mercury column. 

3. Using tracheal valve method and collecting expired air over mercury column. 

4. Using tracheal valve method and collecting expired air in automatic water trap. 

6. Using oscilloecopic respirograph and recording with a camera on a constantly moving film. 

Results. Data obtained in this laboratory are presented in table 1. In 
general it is felt that the more accurate values have been obtained by the oscillo- 
scopic respirograph method, and the valve methods may be considered as one 
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means of checking the results. In rabbits, however, panting made it impossible 
to obtain consistent results by any method as long as the animal was awake. 
For this reason, only values obtained by the tracheal valve method are reported. 

Discussion. The table and values are self explanatory, and there is little 
necessity to analyze the data. An attempt has been made, however, to find a 
formula which will correlate respiratory volume and weight of the animal (for 
any species). In table 2, therefore, is shown the ratio of the respiratory volume 
to various mathematical functions of the weight. The respiratory volume 
divided by the animal’s weight (column 5) shows a general decline in value as the 
animal becomes larger. If, on the other hand, one assumes that the respiratory 
volume follows the body surface of the animal, then the respiratory volume 
divided by the § power of the weight should be approximately constant. 

TABLE 2 


Comparison of respiratory volume with various functions of the weight 


ANIMAL 

WT. (0»AM8) 

RESP. VOL/MIN (cc.) 

RE8P, VOL/ 
MIN. (cc.) 

+ WT. 

(grams) 

RESP. VOL/ 

;min. (cc.) 
+ wr.*'* 
(grams) 

RESP. VOL/ 
BflN. (cc.) 

4- WT.*/* 
(GRAMS) 

Actual 

Calculated 

Mouse 

19.8 

24.5 

19.9 

1.24 

3.35 

2.54 

Cotton rat 

76.8 

39.6 

65.5 

0.52 

2.20 

1.52 

* Hamster 

91.6 

60.9 

62.1 

0.67 

3.00 

2.06 

White rat 

112.8 

72.9 

72.9 

0.65 

3.14 

2.10 

Guinea pig 

466.0 

156.6 

210.6 

0.33 

2.60 

1.55 

Rabbit 

2069.0 

800.0 

634.0 

0.39 

4.88 

2.62 

Monkey 

2682.0 

863.6 

786.0 

0.32 

4.54 

2.^ 

Man 

68,600.0 

8732.0 

8900.0 

0.13 

5.19 

2.06 





0.52 

3.61 

. 2.10 


This is based on the fact that the surface area of symmetrical bodies is propor- 
tional to the I power of their weight. Such a calculation with the measured 
results does not give a constant but instead a slightly rising figure (column 6). 
This indicates that the respiratory volume is not solely a function of body surface 
but rather that the mass of the body has some effect on the total respiratory 
volume. If, therefore, one chooses a function of the weight somewhere betw^een 
the I power and the first power a function should be found which gives a more 
constant factor. In column 7 the respiratory volume has been divided by the 
weight to the f pow’er. It will be noted that from the smallest to the largest 
animal, the values remain considerably more constant. From the average of 
these values the following formula has been derived: 

Resp. Vol. per Min. in cc. = 2.10 X (Wt. in Grams) 

Using this formula, the average respiratory volumes of the animals which 
have been tested w^ere calculated and are shown in coliunn 4 of table 2 for com- 
parison with measured values (column 3). Obviously, other functions of the 
weight such as 0.73, 0.74, or 0.76 power of the weight probably would give even 



RESPIRATORY VOLUMES OF LABORATORY ANIMALS 


77 


better correlation between weight and respiratory volume. The data, however, 
even though derived from the study of 428 animals, are insufficient to establish 
any one of these values as the absolutely correct one. Therefore, the f power 
of the weight has been chosen for the sake of simplicity. This has been found 
to give a relatively satisfactory correlation between weight and respiratory 
volume. ‘ It is interesting that Kleiber (3) found oxygen consumption in animals, 
from the rat to the steer, to vary also with the J power of the weight. 

It has been of interest to note the reactions of animals immediately after being 
placed in the respirometer. There have been many statements to the effect 
that animals under conditions of fear and noxious stimuli will hold their breath. 
In one experiment while anesthetizing a monkey with ether, records taken 
during the actual anesthetization showed that breathing became irregular in 
association with struggling, but there was no interruption of breathing. Occa- 
sionally animals appeared to hold their breath when they were first put into the 
respirometer, but actual records invariably showed that there were rapid though 
shallow movements of air into and out of the lungs. 

SUMMARY 

1. Several methods of determining the respiratory volume, including the 
oscilloscopi(^ respirograph, have been presented. 

2. Data on quiet respiration in 428 animals of 8 species ha^’e Ix^en presented. 

3. The data presented indicate that the respiratory \'ohime varies directly 
neither with the weight of the l)ody nor w ith the Ixxly surface^ but approximately 
with the -J power of the weight. 

4. A foi-mula has been deri\Td for the determination of respiratory volume of 
an animal provided the weight is known. 

(Irateful acknowledgment is made to Dr. Theodor Rosebury for his suggestion 
of this problem and to C'pl. Dellas A. Cosby for his assistance in carrying out 
many of the routine measurements. 
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Very scanty information is available in the literature on methods for recording 
the respiratory pattern of smaller animals. Loosli et al. (3) developed a method 
for making such a record from the mouse, but this method required that the 
animal breathe pure oxygen. This method was not applied to animals other 
than the mouse. 

An oscilloscopic method of recording the respirogram has been developed in 
this laboratory, and the study of the respiratory volumes of several hundred 
laboratory animals by this method has ]yeen reported (2). Most of these original 
records were examin^ directly from the oscilloscopic screen, a procedure which 
was adequate for the study of respiratory volume. Over a hundred permanent 
records have subsequently l)een made on photographic film. From these latter 
records and from data obtained in the previous study (2), an extensive analysis 
of the different aspects of the respiratory pattern has been made. 

Results. Normal respiratory patterns for eight animals of different species 
are shown in figure 1. The actual patterns of i*espiration are obvious from the 
pictures, but other considerations not immediately apparent have been noted 
from a mathematical study of these patterns. 

a. Comparison of the respiratory patterns from different animals. From the 
mouse to man, there is considerable uniformity of the respiratory pattern, 
as may be seen from the records. An exception to this has been that the ratio 
of inspiration to expiration has varied from 0.42 to 2.17 if we consider inspiration 
to begin when the lungs are i filled and to end when they are h emptied during 
any one cycle. This ratio has varied, however, within all species, and there is no 
constant trend from small animals to larger animals. 

In general, smaller animals tend to have more uniformity of the respiratory 
cycle. To illustrate this point, thg eight respiratory patterns shown for guinea 
pigs in figure 2 were chosen at ra^||)m. With the exception of the last pattern, 
and making allowance for rate and volume of respiration, the records can be 
almost superimposed upon each other. 

b. Tidal air. Tidal air has been found to vary, approximately, directly with 
the weight of the animal as can be ascertained from values in table 1 of the 
previous paper (2). From an average of 300 records of normal quiet breathing, 
the following formula has been derived: 

Tidal Air (cc.) = 0.0074 Weight (in grams) (1) 

^ Work carried out at Camp Detrick, Frederick, Maryland, from March, 1946 to Septem* 
her, 1946. 

* Present address: Warm Springs, Ga. 
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one may derive the formula for rate of breathing: 


Rate of Breathing (per minute) 


295 

Weight (in grams) t 


( 2 ) 


Testing this formula with tlie measured breathing rate of approximaUdy 300 
animals of \ arious spcicies, the e.aknilated values deviated from the measured 
values an aveingxi of ±17 per cent. This d(*viation was due mainly to the fact 
that irdxai and guinea pigs breathe somewhat faster than w ould l)e caleulat(‘d l)y 
the formula. The data for tidal air and rate of Ineathing on whieh the above 
calculations are based are presented in the preceding paper (2). 

d. Rale of air flow on inspiration and expiration. If W(‘ assum(‘ that the 
i-espiratory i)att(‘rns of all species are relatively symmetrical, and remembering 
that the minute re.spiratory volume varies with the f powT;r of tlu^ weight, it 
follows tliat inspiratory iat(‘ and expiratory rate at- any given point in the 
cycle vary api)]’oximately Nvith the f powxu' of the animal’s weight. 

Tor the midpoint in the inspiratory curves and the midpoint in the expiratory 
(uiive of 100 photograjdne records, the follow ing formulae have l)een derived from 
tlu' a\'<Tag(‘ slope of the curves: 

Inspiration (in cc./sec.) = 0.15 (in grams) (3) 

Expiration (in cc./s<m^) = 0.15 W^^^ (in grams) (4) 


In records fi'om mice, cotton rats, w hite rats, hamsters, guiiK^a. pigs, monkeys, 
rabbits, and men, t he values calculated from the inspirat-ory formula deviatetl an 
average of ±1().7 per cent from the measured values, and values (tahndattjd fi’om 
the expiratory formula deviated an averag<^ of 21.8 ixu* (umt from the nu^asuied 
values. 

e. Speed of air flow on inspiration and expiration. 44ie dimensions of homo- 
geneous symm(‘tri(?al bodies vary direcdly with tlu^ 3 power of the wedght. By 
measurement of the tracheae of ten mice, giving an average of 1.0 mm. internal 
diameter, and assuming man’s trachea to be 15mm. internal diameter, it has been 
calculated that the diameter of the trachea obeys almost precisfdy tliis I pow er 
law'. It follows mathematically that the cross-sectional areas of the tracheae 
vary witli tlu^ | power of th(‘ weight. Because the inspiratory rat(‘ and the 
(ixpiratory rate of the various animals vary ai)proximately with the f power 
of the weight as shown above (this is nearly equal to the | power of weight), 
there is approximately a proportional change between the increase in cross- 
sectional area of the tracihea and the quantity of air flowing. Therefore, the 
linear speed at which air flow's through the tracheae of animals of different 
species is approximately the same at each point in the respiratory cycle for all 
species. As a test- of this premise, using the measured internal diameter of 1 
mm. for the mouse’s trachea and the arbitrary internal diameter of 15 mm. for 
the human trachea, the inspiratory speed of air for ten measurements in the 
mouse as calculated from the slop(^ of the respiratory pattern was 2.05 meters/sec. 
compared with 2.95 meters/sec. for ten measurements in man. The expiratory 
sptied in the mouse w as 2.65 meters/sec. compared with 2.8 meters/sec. in man. 
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f Pressure differential in the trachea. Pressure drop through a lube is pro- 
portional to the length of the tutie and inversely proportional to the .s^Mare o/ 
the radius of the tube [n ovidcd tlui siietHl of flow remains the same, bmee both 
th(! length and the radius of the trachea are i>roportional to the 3 power ol t le 
weight of difhu-ent animals, and Ix-cause the speed of air flowing through the 
trach(!ae of different animals remains approximately constant at any one point ol 
the cycl(>, the following formula may Iw derived for pressure drop in the trachea; 


Pressure droj) == 


Cvonstant 


(5) 


Weight* 

'i’he value of this constant cannot be detennined by present methods of measure- 
ment liecause of difficailty in measuring instantaneous pressure in the recesses o 

''"it'fohows from the formula, howevm-, that even though the mouse’s trachea 
is 1.5 thnes shorter than man’s trachea,, t.he tot.al ))ressure drop from the atmos- 
phere to the bifurcation of 1 h<- t rachea is 1 5 times as great in t,h<‘ mouse as in man. 
’I'liis is a startling calculation ivhen considiri-d witlioiit, further lliought, but in 
man t he trachea must, brancli a consideralily greater numlxr of times t ian in the 
mouse lief ore it reaches the tc'rminal bronchioles. It, is in these branches that a 
great iiressure drop is found in man and particularly so in asthmatics. 1 erhaps 
if we could calculate or measuie pressure gradients throughout. Hie lung, \ie 
would find the total pressure change from tlie atmosphere to thi' aheoh to be 

aimroximately tlie same in t he mouse as in man. 

g The nose as a partirle precipilator. If we consider tlie nose to lx> a settling 
chamber of the cyclone type, «e may apply the fornu.lai^ for calculating retentive 
power of the ehamlier. Uetention is iiroportional to the lengt h of the chanil er, 
iin-erselv proport ional to t he diameter of t lie ehamlier, and iin ersidy proportional 
t o t h(> radius of t he various cunes within the chamber (1) . Making the assump- 
tion that tlie nasal chamb..rs of diffiM-ent species of animals are r.-asonably 
svmmetrical, we may again apply th,> law for detein.ining relative dimension 
i.e., dimension is proportional to the J power of the weight, becausi- length of 
the chamber, diameter, and radius of .•iinature are all propi.rlionid to tlie 3 
power of till- weight, and Ix-cause retention is directly iiroiiortioiial to the tiist 
of these dimensions and inversely proiiortional to the last two, it is found la , 
retention of particles in the nasal chamlH-rs should be inversely iiroportional to 
the I power of the weight, or: 


Retentivity 


Constant 
Weight* 

Here again the constant cannot Ixi determined because of the impossibility of 
making the n<>ccssary measurements. From this relationship, it follows that in 
order to lie precipitated in f,he nose by settling, a partiide must have a terminal 
settling velocity 1 5 times as great in man as in the mou.se. I rom btokes law , 
one finds that the terminal velocity of setfling for homogeneous particles is 
proportional to the square of the diameter of the particle (1 ). In other words, a 
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2 micron particle would settle out in the nasal chamber of the mouse as readilv 
« l«, ol fc be coneidomlJv KWto tl,» the effi.t, ™ 


Normal (pantlmg) 


ltt4uetlo» 


Wi!mW 


. Za t ar Induo 1 1 on 


2ad stage 



gi;ag»j 



Fig. 4. Respiratory pattern from a rabbit dying umlor nembutal anesthesia 
tion up, exinration down. Time marks- -3 see.) am sthesia. 


(Inspim- 


any one dimension must be at least 15 fold in order to eaualize the two no...i 
chambers ni efficiency. Obviously, such asymmetry does not exist 

trat tStoihorrrf respiratory pallerns. Figures 3 and 4 illus- 

^ te the method of studying changing respiratory patterns, due in this case to 
nembutal anesthesia. The records in figure 3 were made during the „ S 

2 LT U -t f '"““f '■‘‘tion of 0.13 gram of nembutal intraperitoneally to a 

sia down to the ^nd iT "" stages of anesthe- 

sia down to the 2nd plane of the 3rd stage at which point the animal’s narcosis 

ame o equilibrium. The first effect of nembutal on the panting rabbit was to 
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decrease the tidal air without decreasing the rate. Later, the rate of breathing 
also decreased, and this was followed by further slowing of breathing and a 
secondary increase in tidal air during the 2nd stage. From the second stage 
through the 1st plane of the 3rd stage, there was little change in the rate but 
considerable decrease in tidal air. Once surgical anesthesia had been reached, 
the shape of the respiratory pattern began to change with the api)earance of 
irregularities in the inspiratory and expiratory slopes. Also, as deeper anesthesia 
was attained, the rate decreased, but the tidal air remained fairly constant. In 
these records it is seen that there are many changes in respiration during anesthe- 
sia which cannot be discerned by simple observation of the subject. 

The respiratory pattern shown in figure 4 is that of a rabbit which received 

0.3 gram of nembutal, passed through all stages of anesthesia, and died in 
approximately 5 minutes. The portion of the record shown in the figure is that 
immediately preceding death, including the last breath. The record shows that 
there was a markedly increasing delay [between inspirations as death approached, 
but at the same time there was little decrease in the volume inspired with each 
succeeding breath. It would ap{)ear, therefore, that the cause of death was an 
increasing delay Ixitween phrenic nerve volleys until asphyxia occurred. The 
actual strength of each nerve \mlley was apparently almost as strong, if not just 
as strong, during the last inspiration as during earlier ones. 

These two experiments on anesthesia with nembutal have l)een i)resen*nd not as 
an explanation of the action of nembutal but to illustrate the possibilities of 
new knowledge which may l)e gained from the study of respirograms. This work 
may Ik" extended greatly to include aerosols, vapors, and other drugs of all 
nature which may affect the respiration. 

SUMMARY 

1. Respiratory patterns from mice, cotton rats, hamsters, white rats, guinea 
pigs, rabbits, monkeys, dogs, and men ha\ e been illustrated and analyzed. 

2. In general, the respiratory pattern vari.^s little l^etween one species of 
animals and another except for rate and tidal air. 

3. Within any one species of the smaller animals, the respiratory pattern is 
relatively constant. 

4. Formulae based on weight have been derived for tidal air, rate of bieathing, 
inspiratory and expiratory rate of flow, inspiratory and expiratory s{)eed of 
flow, pressure drop in the trachea, and retention of particles within the nasal 
passages. In general, the calculated values from these formulae agreed within 
20 per cent of thosc^ which could be measured. Considering the great number of 
variables in respiratory dynamics, this agreement is considered to be reasonable. 

5. As an example of information which can be gained from respiratory patterns, 
two experiments on the anesthetization of rabbits with nembutal are presented. 
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('linical investigators have observed ovarian insufficiency in diabetic patients 
( 1 2) and subnormal development of the gonads in experimental diabetes has 
been noted (3, 4, 5). Experiments with parabiotic rats have indicated that the 
gonatlal deficiency may be due to decreased gonadotrophin secretion from the 

The investigation reported in this paper was undertaken to examine further the 
pituitary gonadotrophic function in. diabetic rats, and the response of the re- 
productive tract of diabetic rats to exogenous gonadotrophins and estrogens. 

Materials and methods. The investigations were made using immature or 
adult female albino rats of a Wistar strain obtained from Blame’s, Media, I a. 
The rats were given Rockland’s diet and water ad lUdtiim. 

Diabetes wa.« produced by means of intravenous administration of 50 to 00 
mgm /kgm. of alloxan in 5 per cent solution. Blood glucose determinations 
were made using the method of Reinecke (0) adapted to the Evelyn colorimeter. 
The blood samples were obtained from the cut tip of the tail, and determinations 
were made every second or third day during the course of the experiment. No 

insulin was given. . 4 . r 

The crude anterior pituitaiy extract (APE) was an alkaline saline extract of 

fresh frozen beef pituitary mixed in a Waring blendor and filtered through a 
sintered glass filter. The APE was administered by subcutaneous injection 
once each day in 250 mgm. equivalents (1 cc. of APE) during the experimental 
period. Autopsy was performed on the day following the last injection. 

The purified preparations were given in 500 mgm. equivalents (total dose) 
in 9 injections over 4^ days, with autopsy on the fifth day. 

Unilateral ovariectomy in adult rats was performed under ether anesthesia and 
the right ovary was reinoved in all cases. The ovaries were weighed immediately 
after removal, and the average weight was comparwl with the average for the 
remaining (left) ovaries at the time of autopsy, 10 days later. Bilateral ovan- 
ectomy was performed on adult rats, which were then used to determine the 
response of the uterus of diabetic and control rats to estrogen administration. 
Alloxan injections were made in the unilaterally and bilaterally ovariectomized 

rats at the time of ovariectomy. . . , j -i r q 

Estrone, when used, was given in com oil and was injected once daily tor 3 
days ; autopsy was performed on the fourth day . Usilaterd adrenalectomy an 
adrenal enucleation were performed under ether anesthesia using a dorsal ap- 

• Kindly supplied by Dr. R. K. Meyer and Dr. H. M. MeShan, University of Wisconsin. 
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proach. After adrenal enucleation the rats were given 1 per cent saline as drink- 
ing water lor a period of 10 days. 

Results and discussion. Right unilateral ovariectomy was performed on 
female rats 41 days of age to determine whether the remaining ovary of a diabetic 
unilateral castrate rat would be capable of hypertrophy to the extent of that of 
a non-diabetic animal. Fourteen rats were kept as controls and 18 rats were 
given 50-60 mgm. of alloxan/kgm. at the time of unilateral ovariectomy, so that 
diabetes ensued within 24 hours after the ovary was removed. Table 1 includes 
the average body weight and the average weight of the removed ovaries in both 
the control and the experimental animals before alloxan treatment. Random 
selection determined the animals for each group, but the control group weights 
at the beginning of the experiment were slightly greater than those of the experi- 
mental group. 

No fui-ther treatment was given and the blood glucose determinations were 
made in both groups every^ second or third day for the purpose oi following the 
course of diabetes. The over-all average blood sugar values lor control rats 
was 143 mgm./lOO cc. (not fasting) and the average for the diabetic rats was 462 
mgm./lOO cc. (table 1). Ten days alter unilateral ovariectomy the rats were 
autopsied. The non-diabetic rat ovaries were hypertrophied to the extent that 
the average weights were 26.4 mgm. compared to 10.8 mgm. tor the diafietic 
group. The average weights of the right ovaries in the two groups were 10.7 and 
8.5 mgm. The figures repre.sent gains of 147 per cent and 25 per cent respec- 
tively over the right ovarian weights for the two groups at the beginning of the 
experiment. 

The fourteen ovaries removed from the non-diabetic rats at the time oi autopsy 
contained several to numerous corpora lutea. Four ot 18 ovaries from the 
diabetic rats contained corpora lutea and 14 of 18 contained only follicles. 
The histological preparations confirmed the gross examination and showed that 
ovaries of 14 of the diabetic rats consisted largely of small and medium follicles 
with signs of atresia in some. Although 4 of 18 diabetic rat ovaries contained 
corpora lutea, these four ov aries were smaller, and had fewer corpora lutea and 
smaller follicles than were found in the -ovaries of the control rats. Ihe average 
uterine weights of the diabetic rats were approximately one-half as great as the 
control rat uterine weights, and the pituitary glands were approximately one- 
third smaller than the control rat pituitary glands. 

A second group of rats of the same age was subjected to the same experimental 
procedure as the preceding group to determine the reproducibility of the results. 
Five non-diabetics and six diabetic rats w^ere used; the results are included in 
table 1 . The results were in accord with the results obtained with the first group. 
Marked hypertrophy of the left ovary occurred in non-diabetic rats (91 per cent 
increase) while only a slight increase was found in the diabetic rats (36 per cent). 
Non-diabetic uterine weights were likewise much greater (107 per cent to 246 
per cent) than were corresponding organ weights in the diabetic rats. 

Changes in weight of the pituitary gland also were striking. The control rat 
pituitary gland weights were 46 per cent and 63 per cent greater than those of 
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:*"ovS., ..«rinc, .nd pituitary 7*^“ " 

::r.. v: "JSS rrt tl^LU„ .he e„d .r,™. .» 

respond to se.treted gonadotrophins. ^^„,^.,,.a.„p6ins were administered to 

...ua 

trophins. 

TABLE 1 

0.,arian hypertrop hy in diabetic an.l non-diabetic rats _ 


bkfore treatment 


1 Bd.wt. 


rats 


14 

18 


fifM. 

97 

90 


04 


90 


Right 
ovary wt. 


10.7 

8.5 


12.0 

10.0 


after treatment with alloxan 


A'^frage 

blood 

glucose 

rngni. per 
JOO cc. 

143 

462 


133 

421 


Left 


, 1 L.eii j . /o 

Bd.wt. jovary wt.l increase 


1 

j Uterine 
Ovarian response weight 


no 

86 


112 

83 


mgtn. 

26.4 

10.8 


22.8 


13.6 


i 


mgtn. 


172.0 

83.4 


147 I Corporal 111 ea 
25 j Corpora lutca 

1 (4) 

I Folli<*les (14) I 
91 I Corpora lutea j 173.0 
(3) 

Follicles (2) 

36 j Corpora lutea 

( 1 ) 

1 Follicles (5) 


50.4 


Pit. wt. 


mgm. 

7.0 

4.8 


7.5 


4.6 


The lii»t gonarlotrophip used w«8 a m.de for”l0 dayritito 

tary gland. (APE) ^jeh ™7“7 ** 7™' "'xhe Ito.l. were divided b, 
young female rats tha,t were r a non-diabetic rats; h, non-diabetic 

random selection into four groups, as j 

rats given APE; c, diabetic rats, and ^ ^ 

it was found (table 2) that the ovaries of the dia^ic rats 

„,n-di.b..i. g~»p. ‘7 '"‘J “t;SSe «™p 

glucose determinations revealed that the two di ^ g ^ ; g^sed ovarian 

of diabetes. Examination of the data A to 37.6 

,, r oio+rv AR A (^*1 upr C0nt^ in non-diftiiGtic SiiiQ troni 


uu, O-JIIVA y — - 

/ Zd? 

.Statistical analyses were obtained using the formulae: S.E. - ^ _ 

: ^ , and the probability table of Fischer. 

\/tfi “f" ^ 
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spectively. The gonadotrophic potency of the preparation was apparently low, 
yet the results are significant when analyzed statistically. The adrenal increases 
were statistically significant in the non-diabetic group and highly significant in 
the diabetic APE-treated group. The untreated diabetic rat ovaries were 20 
per cent smaller than untreated nim-diabelic rat ovaries, and the weights of the 
diabetic APE-treated rat ovaries were 22.0 per cent less than those of the non- 
diabetic APE-treated ovaries. Thus the APE treatment produced comparable 
degrees ot hypertrophy in diabetic and in non-diabetic animals, and the diabetic 
animals had smaller ovaries than non-diabetic ones in both untreated and APE- 
treated groups. The absolute ditferences between the two groups can be at- 
tributed to differences in the endogenous gonadotrophin from the pituitary gland, 
^rhe results nevertheless suggested that the smaller gonads found in diabetic 
animals might have been a result of the faulty nutrition of diabetic animals, vdth 
consequent inability to utilize gonadotrophin secretion. To test this possibility , 
animals of similar age and weight to those of the previous experiment were fasted 
for a period of five days. Six of the rats were given no other treatment and 5 rats 


TABLE 2 

OrQotn T€spo7is€ to CTudo A.P E in notniol and diahctic rats 


NO. OF 
ANIMAL 

TREATMENT 

BD. WT. 

AVERAGE 

BLOOD 

GLUCOSE 

OVARIAN 

WT. 

% OVARIAN 
WT. IN- 
CREASE 

UTERINE 

WT. 

ADR. WT. 

PIT. WT, 

— ■ 


am. 

mgm/lOO cc. 

mgm. 


mgm. 

mgm. 

mgm. 

5 

Controls 

lU 

165 

31.9 


189.0 

36.6 

6.4 

5 

APE 

1 119 

162 

48.6 

52 i 

98.0 

48.2 

6.0 

10 

Diabetic 

! 105 

495 

25.4 


75.7 

36.8 

5.5 

9 

Dialietic -f 
APE 

ri5 

483 

i 

37.6 

48 

105.7 

54.3 

5.1 


were given APE in 250 mgm. equivalents for the 5-day period. 1 he rats then 
were sacrificed, and weights of ovaries, adrenals, and pituitary glands were ob- 
tained. In the 5-day period of fa.sting there was a 17 per cent incrca.se in the 
size of the ovaries of the first APE-treated groiq), as compared with those of the 
control fasted rats, thus indicating that, starving animals still can respond to 
gonadotrophin (table 3). In a repetition of the experiment only two of the 
APE-treated rats survived, yet the ovarian weight increases in the fasted rats 
given APE were 84.3 per cent, and even this small group gave significant differ- 
ences statistically. The APE used in the first group of fastecl rats was found 
to have a low order of gonadotrophic potency even when administered to non- 
fasting animals. Highly significant differences were found in adrenal weights 
when analyzed statistically. Earlier results indicated (5) that decresused food 
intakes sufficient to produce body weight losses equal to those of the diabetic; 
rats did not produce ovarian atrophy to the extent seen in diabetic rats. 1 he 
results with fasted rats supported the thesis that the gonadal deficiency found in 
diabetes was primarily a result of decreased pituitary function. The pituitary 
dysfunction in turn was believed to be a result of insulin deficiency and/or the 
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high blood glucose per $e of diabetes. The food intake of alloxan diabetic rats 
was high; in long standing untreated diabetes a marked splanchnomegaly oc- 
curred. 

To examine birther the effects of exogenous pituitary gonadotrophin prepara- 
tions upon the ovaries of diabetic animals, an experiment was performed with 
immature 20-22 day female rats in which there is little endogenous pituitary 
gonadotrophin secretion. Some of the rats were given 60 mgm. of alloxan/kgm. 
at 20-22 days of age. Blood glucose determinations were made to determine the 
severity of diabetes; four days later the diabetic rats were divided into two groups 
so that the rats of each goup had similar degrees of diabetes. One of these groups 
received FSH treatment, the other vras untreated. Purified FSH preparations 
in 500 mgm. eq. were injected twice daily over 4| days, with autopsy on the morn- 
ing of the fifth day. Non-diabetic rats of the same age were used as untreated 


TABLE 3 

Effects of APE in fasted rats 


NO. or 

TKEATMIINT 

BD. WT. 
ABTUl 24 

BD. WT. 
AFTER 5 

BLOOD GLUCOSE 
MGM./lOO CC. 

OVAMAN 

MGM. 

ovary per 
100 OM. 
BD. WT. 

ADR. 

FIT. 

ANIMALS 

HB. FAST 

DAYS FAST 

24 hrs. 

120 hrs. 




6 

Fasted 

124 

101 

121 

126 

mgm. 

26.0 

(12-33) 

25.7 

mgm. 

38.2 

mgm. 

5.1 

5 

Fasted -f 
APE 

119 

91 

112 

120 

30.5 

(21-46) 

33.5 

53.4 

5.4 

4 

Fasted 

117 

97 



36.3 

(34-38) 

37.4 

47.7 

7.0 

2 

Fasted -|- 
APE 

133 

120 



66.9 

(66-78) 

55.8 

65.9 

7.4 


and FSH-treated controls. All groups were autopsied on the 6th day after treat- 
ment with FSH was started. It will be noted (table 4) that the ovarian response 
of the immature diabetic rats to exogenous gonadotrophin was in every case 
greater than that of the corresponding non-diabetic groups that received equiva- 
lent doses of the same pituitary preparation. Statistical analyses of the diabetic 
rat ovarian weights in response to 333, FSH 124, and FSH 130 indicate the 
results are highly significant (p = less than 0.01). In the non-diabetic groups 
the response to FSH 130 was highly significant (p = <0.01) but the other results 
were not significant. Thus the diabetic rat ovarian response to exogenous gona- 
dotrophin was equal to or greater than that in the non-diabetic groups of rats. 
The evidence from this experiment further supports the theory of deficient 
gonadotrophin secretion in the diabetic animal, since the atrophic ovaries seen 
in untreated diabetic rats grew and matured if gonadotrophin was administered. 

The clinical evidence (2, 7) had indicated subnormal gonadal function in 
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‘‘controlled'' diabetes and the need for hormonal treatment during pregnancy. 
Previous investigators have reported the subnormal size of gonads in experi- 
mental diabetes (3, 5) but no explanation has been given for the cause of this 
subnormal gonadal function. Changes in the pituitary cytology of diabetic 
dogs were noted by Kan (4), who observed decreases in the acidophilic cells. 
Kraus (8) observed decreased number and size of acidophils, increased “Haupt- 
zellen" (chromophobes) and varying changes in the basophils, including “hy- 
dropic degeneration”. Thomas and Emerson (9) reported marked degranulation 
of the basophilic cells of the pars anterior in diabetic rabbits with no change in 
the cells of the pars intermedia. 


TABLE 4 


The effects of FSH vpon the ovaries and uteri of diabetic and non-diabetic immature rats 


NO. OF 
HATS 

TREATMENT 

BD. WT. 

AV. BOOD 
GLUCOSE 

OV. WT. 

% INCREASE 
OVER 
CONTROLS 

UT. WT. 

PIT. WT. 



gtn. 

mgm./lOO cc. 

mgm. 


mgm. 

mgm. 

8 

Non-diabetic 

65 

131 

10.0 


34.2 

3.6 4 

5 

Non-diabetic FSH 333 

66 

141 

16.2 

60 

28.4 

3.0 

2 

Non-diabetic FSH 124 

58 

132 

13.1 

30 

28.4 

2.9 

5 

Non-diabetic 

63 

144 

12.7 


35.2 

3.6 

7 

Non-diabetic FSH 130 

65 

165 

20.7 

63 

40.7 

3 4 

9 

Diabetic 

54 

519 

10.6 


25.9 

2.7 

5 

Diabetic FSH 333 

53 

560 

19.0 

79 

27.4 

2.8 

4 

Diabetic FSH 124 

53 

509 

20.2 

91 

29.9 

3.1 

5 

Diabetic 

48 

486 

9.3 


23.0 

2.6 

10 

Diabetic FSH 130 

56 

398 

23.5 

153 

47.4 

2.5 


The small uterine weights found in diabetic rats raised the question of the 
ability of diabetic rats to utilize estrogen. To determine the degree of response 
of diabetic rats to estrogens, the following experiment was performed using im- 
mature 20-21 day ovariectomized female rats given diabetogenic doses of alloxan 
(50-60 mgm./kgm. intravenously) at the time of ovariectomy. Estrone dosage 
of 0.5, 1.0 and 1.57 was begun on the third day following alloxan administration. 
The estrone was dissolved in com oil and was given subcutaneously, once each 
day for 3 days. On the morning of the fourth day the rats were autopsied and 
the uteri were weighed. Control rats were of the same age and were ovariecto- 
mized and given the same estrogen treatment as was given to the diabetic ovar- 
iectomized rats. From the data (table 5) it can be noted that the uterine weight 
response of the diabetic rats was of the same order as that of the non-diabetic 
ovariectomized rats, indicating utilization of estrogens by the diabetic animal 
equal to that in non-diabetic animals. Statistical treatment of the data showed 
highly significant differences (p = <0.01) in estrone-treated diabetic and non- 
diabetic.i!0#Sik^ compared to their controls, and no significant differences in the 
response of diabetic and non-diabetic groups to equivalent doses of estrogen. 

Adult female rats were used to determine the effects of estrone upon the vagi- 
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nal smear of diabetic and non-diabetic ovariectomized animals. The rats were 
ovariectomized 7-10 days before the injection of alloxan. After diabetes was 
established (2-3 days) in the experimental animals, administration of ly of 
estrone in 6.1 cc. com oil per day was begun. Examination of vaginal smears 
in both diabetic and non-diabetic groups was made over a period of 18 days. 
Estrogen was given for 14 days. The record of vaginal comification can be seen 
in figure 1, from which it will be apparent that the response of diabetic rats was 
more regular and slightly greater than that of non-diabetic ovariectomized rats 
given the same dose. Thus it can be seen that diabetic rats responded to exoge- 
nous estrogen in both uterine weight and vaginal comification tests to an extent 
equal to or greater than the response of non-diabetic rats. 




NO. OF RATS 


9 

6 

7 

7 

9 

6 

3 

5 


TABLE 5 


Effects of estrone in ovariectomized diabetic and non-diabetic rats 


blood glucose 

BD, WT. 

treatment 

Normal 

56 


366 

53 


Normal 

57 

0.5 7 estrone 

553 

64 

0.5 7 estrone 

Normal 

67 

1 .0 7 estrone 

388 

52 

1 .0 7 estrone 

Normal 

56 

1.57 estrone 

312 

56 

1.5 7 estrone 


OT. WT. 


26.0 

28.9 

56.2 

61.0 

64.1 

65.0 

82.5 

77.4 


PIT. WT. 


3.3* 

3.2 

3.1 

3.7 

3.8t 

3.6 

3.7 
3.5 


* Average weight of 5 pituitaries. 
t Average weight of 3 pituitaries. 


Since the vaginal smear response to exogenous estrogen appeared to be slightly 
greater in diabetic than in non-diabetic rats, it seemed important to determine 
whether the atrophic ovaries of diabetic rats were capable of supporting a normal 
estrous cycle. A group of nine normal adult female rats were used. Vaginal 
smears were followed for eleven days preceding alloxan administration to ascer- 
tain that cycles were within the normal range. Alloxan injections in diabeto- 
genic doses (50-60 mgm./kgm.) were made intravenously, and the vaginal smears 
were followed for an additional 25 days following the onset of ^abetes (fig. 2). 
Four of 9 rats were found to have single estrous cycles after diabetes was pre- 
cipitated, then became acyclic. Five of 9 rats were acyclic for the entire dia- 
betic period. It was of interest to note that rat 11 had an estrous smear begin- 
ning the third day of diabetes and lasting for 3 days. 

The results indicate that the ovaries of diabetic rats do not function normally, 
but that the accessory organs are reactive to the estrogen administration with 
equal or greater sensitivity than are the same organs of normal rats. 

It is well known that unilateral adrenalectomy results in hypertrophy of the 
intact adrenal. The hypertrophy is analogous to ovarian hypertrophy after 
unilateral ovariectomy, and is dependent upon the secretion of adrenotrophic 
hormone by the pituitary gland (10). The extent to which adrenal hypertrophy 
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would occur in diabetic rats appeared to be relevant to the question of whether 
diabetes resulted in general inactivity of the pituitary gland or if the gonado- 


i Biflinning of I Eitrone Stopped 

Ettront Trpotmpnt T 

8/6 i/7 8/8 8/9 8/l0 8/l2 i/U 8/l4 8/l8 8/l7 8/l9 8/20 8/21 B/22 B/zS 8/24 



ovariectomized rats: 

(solid blocks) cornified cells; (left diagonal) nucleated cells; (right diagonal) mixed cells, 
(blank) typical diestrous vaginal smear. 



Fig. 2. The effects of diabetes upon the estrous cycles of adult rats: 

(solid blocks) cornified cells; (left diagonal) nucleated cells; (cross) death of animal 


trophin decreases were independent of other pituitary function. Two approaches 
to adrenal hypertrophy were used, the first by unilateral adrenalectomy and en- 
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suing h 5 rpertroph 3 '' of the remaining adrenal in diabetic and non-diabetic rats, 
and the second by comparison of regeneration of adrenals from the capsule after 
adrenal enucleation. 

For the first experiment young adult female rats were used. The left adrenal 
glands were removed and weighed. The average adrenal weights for the two 
groups were 17.7 and 18.6 mgm. Then alloxan in 50-60 mgm./kgm. doses was 
given by intravenous administration to the first group. Blood glucose deter- 
minations were made every second or tliird day during the experimental period. 
The rats were autopsied on the 12th day following unilateral adrenalectomy and 
alloxan administration. The average weights of right adrenal glands in diabetic 
and non-diabetic groups were 32.2 and33.8mgm. respectively. It can be seen that 
the intact right adrenal gland of the diabetic rats hypertrophied to as great a 
degree in absolute units as did the intact adrenal gland of non-diabetic rats; 
the relative hypertrophy (expressed as milligrams per 100 grams of body weight) 

TABLE 6 


Hypertrophy of adrenals in diabetic and non-diabetic rats after unilateral adrenalectomy 


NO. or 

KATS 

BODY WT. (oil.) 

BLOOD 

GLUCOSE 

ADBENAL WT. (ifOlC.) 


Beginmng 

Ending 

Left excised 

Ri^ht 

remaining 

% difference 

PIT. WT. 

6 

137 

126 

msm,ft00 cc. 

381 

17.7 

(13.0)* 

32.2 1 

(26.6) 

81.9 

(96.1) 

mgm. 

8.0 

12 

136 

i 144 

136 

18.6 

(13:7) 1 

33.8 

(23.0*) 

78.6 

(67.9) 

10.4 


* Expressed as mgm./lOO grams of body wt. 


was greater in diabetic than in non-diabetic animals (table 6). The pituitary 
weights of the diabetic rats were smaller than those of the non-diabetic rats, 
as had been noted in the other experiments. 

Adrenal enucleation was performed in young adult female rats, using the dorsal 
approach (table 7). An incision was made in the capsule of the adrenal gland 
and the cortex and medulla were removed by gentle pressure. At the time of 
adrenal enucleation some of the animals were given diabetogenic doses of alloxan 
(50-60 mgm./kgm.) by intravenous injections. All the rats were maintained on 
1 per cent saline as drinking Water for 10 days; thereafter tap water was used. 
Blood glucose detepninations were made every second or third day throughout 
the experiment. The rats were autopsied 3 weeks after the adrenal enucleation 
and the regenerate^ adrenal cortex was dissected out and weighed. For two 
groups of diabetic rUts the adrenal weights were 30.2 and 29.2 mgm. and for two 
control groups the corresponding adrenal weights were 29.5 and 30.2 mgm. The 
results of the experiment indicate that adrenal regeneration in the diabetic rats, 
was equal to that in non-diabetic rats on an absolute weight basis, and slightly 
greater on a relative basis (mgm./lOO grams oi body wt.). Statistical analyses 
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indicated that no significant differences existed between diabetic and non- 
diabetic adrenal weights either after unilateral adrenalectomy or adrenal enucle- 
ation. Significant (p = <0.05) and highly significant differences (p = <0.01) 
were found between the diabetic and non-diabetic rat pituitary weights for the 
two experimental procedures. 

The results of the experiments in unilaterally adrenalectomized and adrenal- 
enucleated diabetic and non-diabetic rats give evidence that the adrenotrophic 
function of the pituitary gland is unimpaired in diabetic rats, in contrast to the 
marked impairment of gonadotrophic function of diabetic rat pituitary glands. 

Kraus (8) studied clinical material from diabetic patients and reported a clear 
decrease in the weight of the hypophysis, greatly diminished eosinophils both as 
to number and size, an increase of the ^^main’* cells, and an apparent hydropic 
degeneration of the basophils. Serious changes in the ovaries of diabetic 
patients, consisting of “atrophy of the primordial follicles and corresponding lack 


TABLE 7 

Adrenal enculeaiion and regeneration in diabetic and non-diabetic rats during 3 weeks 


KO. OF BATS 

BODY WEIGHT (GMS.) 

BLOOD GLUCOSE 

ADEENAL WEIGHT 

PITUITABY WT. 

Beginning 

Ending 




mgm.lJOO cc. 

mgm. 

mgm. 

5 

148 

149 

400 

30.2 (20.3)* 

9.1 

5 

145 1 

165 

148 

29.5 (18.0) 

13.6 

12 

132 

145 

323 

29.2 (20.0) 

8.9 

14 

135 

159 

120 

30.2 (18.3) 

12.0 


* Adrenal weight in mgm./lOO grams body weight. 


of follicle maturation and absence of corpora lutea’’ were described. He further 
reported “a striking decrease in weight^^ in 2 of 3 pairs of ovaries of grown women. 
The changes in the ovaries studied by Kraus are entirely similar to those found in 
the ovaries of diabetic rats, and the diminished weights of both pituitary glands 
and ovaries are in accord with the findings presented here for experimental dia- 
betes in rats. j • i 

Pituitary gonadotrophic dysfunction in diabetic rats has been noted previously 
by Shipley (5) in single diabetic rats, and in rats in parabiosis with non-diabetic 
partners. Both FSH and LH factors appeared to be affected. The data pre- 
sented here extend and confirm the earlier observations concerning pituitary ab- 
normalities in experimental diabetes (Shipley, 5). Earlier preliminary experi- 
ments indicated that insulin can reverse the gonadotrophic deficiency of the 
pituitar>^ glands of alloxan-diabetic immature rats, and the work will be extended 
to cover experimental groups similar to those included in this paper. 

SuMMARy. 1. Ovarian hypgrtrophy after unilateral ovariectomy w^as observed 
in young adult diabetic rats. The weight increases were 25 and 36 per cent for 
diabetic rats as compared to 147 and 91 per cent for non-diabetic rats. 
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2. Crude saline extracts of beef pituitary glands gave an ovarian weight in- 
crease of 52 per cent in non-diabetic and 48 per cent increase in diabetic rats 
over the corresponding untreated groups. The diabetic rat ovaries, untreated 
and treated with APE, were 20 per cent and 22.6 per cent less than those of 
corresponding non-diabetic groups. This difference was attributed to differences 
in endogenous gonadotrophins of diabetic and non-diabetic rats. 

3. Crude APE given to rats for 5 days during starvation resulted in 17 and 
84 per cent absolute increases over untreated fasted rat ovaries (30 and 49 per 
cent increases on a relative basis, i.e., mgm./lOO grams of body weight). 

4. Purified FSH preparations administered to diabetic and non-diabetic rats 
gave greater ovarian weights and greater percentage increases than did equivalent 
doses in non-diabetic animals. 

5. Estrone administrations to ovariectomized immature diabetic rats gave 
equal or greater responses in diabetic than in non-diabetic animals. 

6. Adrenal hypertrophy after unilateral adrenalectomy in diabetic rats was 
equal to the hypertrophy in non-diabetic, unilaterally adrenalectomized rats. 

7. Adrenal enucleation in diabetic rats was followed by adrenal cortical re- 
generation to an extent equal to that in non-diabetic adrenal-enucleated lats. 

8. Ovariectomized diabetic rats given ly estrone per day had more complete 
vaginal cornification than did non-diabetic ovariectomized rats given equivalent 
doses of estrone. 

9. Rats that had regular estrous cycles became acyclic after alloxan-diabetes 
was induced; 4 of 9 rats had single estrous cycles within 5 days from the time of 
alloxan injection. 


CONCLUSIONS 

Untreated diabetic rats have greatly impaired pituitary gonadotrophic func- 
tion. Rats recently made diabetic respond to exogenous gonadotrophin and es- 
trogen. Pituitary adrenotrOphic function appears to be unimpaired in diabetic 
rats. 
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Diverse views have been expressed concerning the functional relationship 
between the thyroid gland and the gonads. Some workers (Zawodowsky, 1927 ; 
Da Costa and Carlson, 1933; Smelser, 1937-1938) have reported that gameto- 
genic activity is impaired in hyperthyroidism, while others (Hoskins, 1916; 
Iscovesco, 1913; Crew, 1925; Kunde, Carlson and Proud, 1929) have presented 
evidence suggestive of increased gametogenic activity. Several other wwkers 
(Schneider, 1939a, 1939b; Hamblen, Pullen and Cyler, 1941; Richter, 1944) 
would interpret this diversity as due to imbalance of katabolic and anabolic 
processes within the germinal tissue. In the present study our primary objective 
was to obtain quantitative and more reliable data on the effect of hyperthyroid- 
ism on genital struc^ture and function than has been obtained in the past. At 
the same time, because of the nature of our experimental approach, it seemed 
desirable to include some observations on the effects of ligation per se on the geni- 
tal tract structure and function. 

Materials and methods. Sexually mature male albino rats weighing be- 
tween 240 and 305 grams each were used. By random selection twenty-four 
rats were separated into four experimental groups having the same living con- 
ditions and same diet. 

Seven animals comprising group 1 were subjected to bilateral ligation of the 
vas deferens, with the ligatures located in the proximal segments of the vasa near 
their junctions with the epididymi. Seven animals comprising group II were 
subjected to the same operation as the group I animals but in addition were 
administered 30 mgm. of desiccated thyroid (Armour) daily by stomach tube for 
ten successive days, beginning with the third post-operative day. Five animals 
comprising group III were subjected to mock-ligations and beginning with the 
thii’d post-operative day were given 30 mgm. of desiccated tliyroid daily for ten 
successive days by stomach tube. Five animals comprising group I A were 
subjected to mock-ligations only and retained as normal controls. 

In all cases at the end of the thirteenth post-operative day, the testes and epi- 
didymi were removed and weighed separately. Immediately thereafter they 
were fixed for microscopical study. Individual body weight changes were re- 
corded daily throughout the experimental period for use in indicating the relative 
degree of hyperthyrosis in those groups receiving thyroid. All data was tested 
by Fisher’s formula (1928) for small samples and found reliable. 

Results. The quantitative measurements obtained on body weight and on 
the gonads and epididymi of each experimental group are summarized in the 
accompanying table and are self-explanatory. 

Microscopic findings. Peri-tubule edema of and disorganization of the ger- 
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minal epithelium of those parts of the seminiferous tubules adja^nt ^ tje mte 
testis characterized the testes of the ligated-normal animals (group I) . 
from a histologic standpoint the degree of damage to testis ^J^^^j^^these 
could not be ascertained satisfactorily, the loss m testis weigM shows that 
oritans suffered some pressure atrophy due to the ligation of the deferentia 
(teble). The testes of the hyperthyroid-ligated animals showed t|« 
sure involvement as that occurring in the ligated-normal animals. ^ 

from those of the normal-ligated control group in that the germmal epith^l^^ 
was composed predominantly of spermatids, sperm 

and that the seminiferous tubules rather uniformly contained more s^ • 
testes of the hyperthyroid animals (group III) diowed 

normal. The testes of the normal control group animals (IV) showed no pecu 
liarities. 


Ligated-normal 


Hyperthyroid-ligated 

III 

Hyperthyroid 


TESTES 
*GXAHS % 

E71DID. 
GEAMS % 

TESTES & 
EEIDID. 

OEAMS % 

0.9561 

0.6744 

1.5304 

1.2764 

0.6609 

1.9387 

1.2432 

0.4078 

1.6512 

1.1462 

0.3440 

1.5053 


BODY WEIGHT CHANGE 
IN OEAMB 


18 grams increase 


8 grams decrease 


1 gram increase 


16 grams increase 


Normal I i.i4o:g | | | - 

* Grams per 100 grams of body weight. 

In all animals which were subjected to bilateral ligation of the va^ 

(groups I, II), spermatocysts were formed proximal to the sites of the features 
and were filled with both normal and degenerating germmal products. All 
proximal levels of the epididymi contained abundmt s^^ 
immature foims. ,The epididymi of both the hyperthyroid (group III) animals 
and the normal controls (group IV) appeared completely normal. . 

Discussion. In the past, analyses of the r61e of the thyrmd 
function have employed simple changes m weight of the 
abundance of spermin the testes and epididymi^ cntena 
irenic activity (Hoskins, 1916 ;Zawodowsky, 1927; Smelser, 1934, 1937 1938, and 
Greenwood and Chu, 1939). These procedures do not take mto 
the fact that 1, the genital system is neither an ^ 

closed system, and 2, the possibility of an alteration in the functional rate of the 
complex but highly effective mechanisms for transporting germinal produc s 
ZS i. duot. (T«lhiU .nd Y«».g 1931; 9;^ 

Younri931 : Moore and Quick, 1924, et al.). It has been shown with regard to 
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the second point that sperm transference is notably increased in hyperthyroidism 
(Richter, 1944). It seemed to us that one must prevent this mass movement of 
germinal products through the efferent genital system if reliable significance 
regarding gametogenic activity of the testes is to be attached to changes in weight 
of the genital tract or to sperm abundance in hyperthyroidism. The only satis- 
factory method of accomplishing this is by ligation of the vasa deferentia. Com- 
parison of the testis-epididymis weights of the normal-ligated animals with 
those of the hyperthyroid-ligated animals reveals that the latter increased 27 
per cent above those of the normal-ligated control group animals. The major 
part of this 27 per cent genital weight increase was due to the effect of thyroid 
on the testes. This is especially significant because it means that those portions 
of the seminiferous tubules not suffering from pressure atrophy were markedly 
stimulated to over-activity by the induced hyperthyroid state. 

The combined testis-epididymis weight of the hyperthyroid animals (group III) 
was 9 per cent above that of the normal control group (IV) but tliis difference 
statistically is just within the limits of reliability and can be disregarded. In 
either event the similarity in genital tract weights of these two groups (III, IV) 
is due to the relatively mild hyperthyrosis induced in the group III animals and 
also due to the fact that the germinal products are transported more quickly 
through the epididymis and vas deferens in hyperthyrosis (Richter, 1944). At 
the same time, it makes it doubly evident why sperm counts or simple testis or 
epididymal weights do not in themselves constitute accurate indices of gameto- 
genic function in hyperthyrosis because they cannot and do not, in the absence 
of ligated vasa deferentia, provide a measure of those excess germinal products 
which, in a sense, overflow during the hyperthyroid state into the distal levels of 
the genital tract. 

The effects as we observed them of vas deferens ligation (group I) on testis 
structure and function are in agreement with those reported by others (Nonidez, 
1924-1925; White, 1932; Hotchkiss, 1944; Oslund, 1920; Moore, 1931) in that 
vas deferens ligation causes partial loss of gametogenic function due to pressure 
atrophy of portions of the seminiferous tubules and contributes to the formation 
of a spermatocyst at either the epididymal or vas deferens level. The literature 
bearing on the relation of the site of ligation to gametogenic impairment and 
spermatocyst formation is both controversial and vague (White, 1932 ; Van Wage- 
nen, 1925; Moore, 1931). In view of the literature and of certain other unpub- 
lished data, it is suggested in order to avoid as much as possible impairment of 
gametogenic function and spermatocyst formation with, its tendency to become 
fistulous, that in practice the site chosen for ligation be \vell distad in the vas 
deferens. 

The findings that desiccated thyroid medication 1, raises the functional level 
of the mechanisms for transporting germinal products through the efferent genital 
tract, and 2, stimulates gametogenic activity in those portions of the seminiferous 
tubules not damaged by vas deferens ligation, are of clinical application in the 
reinstatement of normal genital tract function to previously vasectomized 
patients. 
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The only unequivocal evidences of acclimatization to environmental conditions 
differing radically from normal temperate environments are those reported 
to occur in hot environments (4, 5, 12, 14). Data on the process of acclimatiza- 
tion to cold are lacking, although Bazett and his co-workers (1, 2, 16) have 
demonstrated slow adaptations to cool environments. A most remarkable 
e.xample of adaptation to an ambient of approximately 0°C. has been shown to 
occur in the Australian aboriginal (6). Not only does he exhibit a greater 
lability toward vasoconstriction but also his heat production on exposure to 
cold remains at a constant level. On the other hand, according to Hill and 
Campbell (7), children receiving cold open-air treatment have elevated basal 
metabolic rates. Eskimos also exhibit BMR’s from 14 to 21 per cent above 
normal standards (3). Animals have increased metabolic rates during and 
immediately after a period of continuous exposure to cold (11 , 13, 15). 

Most of these observations were made at relatively warm environments, 
freezing and above, and consequently do not provide the answer as to whether 
acclimatization occurs in the very extreme ambient temjK^ratures observed in 
arctic and sub-arctic regions. Arctic explorers differ widely in their opinions both 
as to the occurrence and the rate of development of acclimatization. 

In previous reports, Horvath and co-workers (9, 10) discus^d the effects of 
short intermittent exposures to environments as low as — 47°C. on the func- 
tioning of the heat regulating apparatus of men who either sat quietly or worked 
at a standard rate. Due to the nature of the observations, it was not possible 
to obtain evidence for or against the development of acclimatization to low 
temperatures. The data to be presented in this paper are concerned primarily 
with the reactions of men to an eight day period of continuous exposure to an 
ambient temperature of ~-29®C. 

Methods. A group of ten healthy young soldiers' were trained for twelve 
days outdoors in the July heat of Fort Knox, Kentucky. Their training con- 
sisted of walking a distance of 12 miles daily at a speed of 3.0 mph. Additional 
walks on the treadmill were also made daily. After this preliminary period, 
they were brought into the cold chamber described in another report (9) and 
remained there for three days in an envirionment of 25°C., R. H. 50 per cent. 
The chamber was then cooled to -29®C. Six of the ten men remained m 

1 Now at the Department of Physical Medicine, University Hospital and Graduate School 
of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania. 

* Now in private practice, 1000 North Elm, Greensboro, N. C. 

8 Now a student at Ohio State University Dental School, Columbus, Ohio. 

< Average age, 21.5 years; height, 68 inches; weight, 155 pounds; and surface area, 1.83 
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the cold room continuously day and night for eight days, while the remaining 
four slept in their barracks at night, but entered the cold chamber before 
breakfast each morning and remained there until after sundown each eve- 
ning. They engaged in practically the same^ activities as the six men who 
resided continuously at 29 In the cold room the men wore the six piece 
Arctic Suit*^ M-1942, which has an insulative value of 3 to 4 Clo. Their daily 
activities for the three days previous to cooling the chamber, for the eight days at 
-29°C., and for the three days following the cessation of their low temperature 
exposure consisted of this set pattern: One hour’s walk at 3,0 mph. after break- 
fast, then two hours of quiet sitting followed by lunch; after lunch, an hour’s 
walk, a half hour’s heavy work period, another hour’s walk, a period of quiet 
sitting for 40 minutes, a series of psychological tests, and then dinner. There 
was some entertainment in the form of radio and reading during the day and 
motion pictures in the evening. Partial escape from the cold was permitted in 
the e\ening by the provision of a small hut in the cold chamber (temperature 
— 5 to 0°C.). However, the men usually retired into their sleeping bags early in 
the evening. 


SUBJECT 


FO 

CU 

RE 

MO 

BE 


TABLE 1 


AGE 

HEIGHT 

WEIGHT 

SUBFACE ABBA (Ml) 


cm. 



19 

182 

76.6 

1.98 

20 

175 

70.6 

1.85 

20 

172 

65.8 

1.76 

19 

165 

56.6 

1.64 

27 

178 

68.7 

2.00 


, I he results of studies on fluid balance, blood, and psychological responses 
. (S) y ill be reported in later publications. The present paper is based primarily on 
observations of the sitting and working metabolism of five of the ten subjects. 
Only one of these five men was a member of the group which spent a portion of 
its time outside the cold room. The physical characteristics of these subjects 
are given in table 1 . The procedures employed in this investigation were similar 
to those previously described (9, 10). The sitting metabolism of subject BE 
was obtained with , a closed circuit apparatus and consequently for two hours he 
'br^thed air which was at a temperature of +20®C. For all the other sitting 
subjects the temperature of the inspired air was -29°C., the expired air being 
collected for ten minutes in Douglas bags. Analyses of aliquots of the collected 
air were made in duplicate on Haldane machines. Skin temperature data were 
incomplete, since the correct techniques for preventing breakage of the copper 

» This consisted of two sets of f inch pile trousers, two sets of f inch pile parkas and a 
white cotton camouflaged outer suit. The inner pile suit was worn with pile towards the 
skin, while the pile of the outer suit faced the camouflaged garment. Two pairs of heavy 
wool socks were worn inside mukluks. Hand protection was provided by a pair of wool 
gloves and outer shell mittens (M-1948). 
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constantan thermocouples had not been fully developed. However, some data 
on toe temperatures were adequate and will be discussed. Rectal temperatures 
were oT[)tained by means of calibrated clinical thermometers. 

Results and discussion. The average rectal temperature of the five subjects 
throughout the day (measurements made on arising, after first work period, after 
rest period, after each of three afternoon work periods, and prior to retirement) 
was approximately 37.8°C. during the entire eight days at low enviroimental 
conditions. This was very similar to values obtained during the prehmmarj' 
and the post-exposure periods. No significant changes were noted in the basal 
rectal temperatures secured while the subjects were still in their sleeping bags. 
Variations were noted in each subject but were not consistent. Basal values 
as low as 35.2°C. were found in a number of cases. The rate of fall of rectel 
temperatures during the sitting periods did not differ appreciably on any of t e 
eight days. During the last third of the sitting period of the third day , there was 
observed a large fall in the rectal ticmperatures of all subjects, but its cause was 
not determined. Since adequate consecutive data on mean skin temperature 
were not obtained, changes in mean body temperature (;ould not be estimated. 
In the few subjects on whom chest and thigh temperatures were successfully 
secured on all days at the low ambient temperatures, no changes attributable to 
duration of exposure were found. 

The basal heart rate was not altered during the period of cold exposure. Ihe 
mean values on the second day of cold were 56, on the fifth day, 55, and on the 
eighth day, 58. The heart rates during the sitting periods (table 2) were var- 
iable and might be explained as due to increased muscle tone or slight shivering 

by some of the subjects. . u 

The mean oxygen consumption (open circuit method), dunng the two hours 
that four subjects sat quietly (fig. 1), showed an increase of approximately ») 
per cent over control values at +25°C. Detailed data secured at three points 
during each two hour sitting period are given in table 1 . No consistent pattern 
was exhibited during the eight days of exposure. While in general all subjects 
showed a trend to remain at an elevated level during the exposure to cold, two 
roughly similar groupings were noted in the daily variations of caloric expend- 
iture. Nothing in the past experiences or the physical characteristics of the 
subjects could be correlated with these patterns. 

After returning to a comfortable environment, the subjects’ oxygen consump- 
tion decreased but was still higher than the pre-cold control values. This stimu- 
lating effect of cold exposure confirmed the results of animal expenments con- 
ducted by Horvath et al. (12). 

It is of interest to compare the metabolic rates obtained on two subjects 
similarly exposed (fig. 2) when one of them, BE, breathed warm air while the 
other, FO, breathed cold air (-29»C.). Neither of these two subjects reported 
gross shivering, although they undoubtedly had some increased muscular tone- 
The increased metabolism was seen initially in both subjects, but after the first 
three days BE's heat production began to decrease, and in the last few days it 
was only slightly elevated. This response would be considered a classic example 
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of acclimatization to cold except that it was not noted for any of the four subjects 
who were breathing cold air. The after-stimulating effect of cold on metabolism 
was not observed to occur in subject BE. It is of special note that, while all the 
subjects reported they did not mind the cold so much after the first few days, 
only BE stated that he was definitely more comfortable. Whether he was the 
only subject to be acclimated or whether the breathing of warm air was the 
deciding factor was not then determined. Some experiments performed later 

TABLE 2 

7' he 7nean metabolic values obtained on four subjects who sat for a period of two hours each 
day during continuous exposure to the designated environmental temperatures 

ENVIRONMENTAL TEMP. ®C 

as.O^C. -29.0“C. I 2S.0‘’€. 

Days of exposure 

^ I ^ ^ ^ I ^ ^ 8 I 9 10 I 11 

At 40 minutes 


0.88 0.83 0.88 0.S8 0.83 0.75 0.85 0.88 0.82 0.79 0.83 

Ventilation L./min 8.2 10.5 9.9 9.6 9.4 11.0 10.3 10.7 9.2 8.3 8.3 

Oxy.eons.ml./min 354 482 472 451 427 493 461 501 378 368 378 

Cal./hr 173 233 230 220 206 236 224 245 183 176 183 

Rectal temp. "C 37.2 37.0 37.3 37.4 36.7 37.0 36.5 30.6 36.7 36.9 

Heart rate/min 80 62 68 74 74 78 60 69 81 75 74 


At 80 minutes 


0.89 0.88 0.82 1.04 0.86 0.90 0.86 0.85 0.94 0.92 0.8U 

Ventilation L./min 7.5 8.5 8.0 8.4 9.0 12.0 9.4 9.8 9.5 9.9 8.2 

Oxy. (5oas. ml. /min 307 358 368 316 381 503 374 416 303 309 324 

150 175 178 161 186 247 182 202 151 153 156 

Rectal temp. “C 36.7 37.1 37.2 37.1 36.9 37.1 36.9 36.6 36.9 36.8 -37.0 

Heart rate/rnin 74 72 78 72 78 80 63 70 81 70 78 


At 120 minutes 


0.88 0.82 0.81 0.88 0.85 0.86 0.83 0.92 0.82 0.80 0.82 

Ventilation L./min 7.4 9.4 9.2 9.5 9.7 10.2 9.4 9.6 8.5 7.9 7.8 

Oxy. COILS, ml./min 300 400 426 419 442 455 424 420 354 330 332 

Cal. /hr 136 193 204 210 215 222 205 208 171 158 160 

Rectal temp. ®C 36.9 36.9 36.9 36.3 36.8 36.9 36.8 36.7 36.9 36.6 36.9 

Heart rate/min 66 64 61 65 59 75 72 73 74 76 70 


failed to demonstrate ^ny beneficial effects of breathing warm air during short 
periodic exposures to low environmental temperatures. 

The toe temperatures obtained on BE and FO are of considerable interest 
(figs. 3a and 3b). They show the changes that occurred during the three hour 
morning periods (8 to 11 o^clock). Their toe temperatures were quite low from 
a wkening through breakfast, but the walk raised them to fairly high levels. 
During the subsequent two hours of cooling, seated subject FO (fig. 3b) exhibited 
a strikingly similar pattern on all days, his final temperatures reaching the 
neighborhood of 10°C., similar to his pre-exercise levels. On the other hand, 
BE’s toe temperatures presented definite evidence of an acclimatization effect 
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Fig. 1 . The average oxygen consumpt ion of four seated subjects during a two hour period 
in comfortable and cold environments. 


Fig. 2. Average oxygen consumption of two subjects sitting for two hour periods while 
residing continuously at the designated ambient temperatures. 

in that the extremities not only warmed up more rapidly and to a greater degree 
on the last days of cold exposure, but also cooled at a definitely slower rate. 
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Fig. 8b, Toe temperatures of subject FO (one of the two subjects of fig. 2) during the 
morning hours of a period of continuous residence at a low environmental temperature. 

There was a positive correlation between the higher final toe temperature and the 
mean caloric production during this cooling-off period. When his extremities 
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were cold, his metabolic rate was elevated and vice versa. If BE had been our 
only subject, definite evidence of acclimatization, in the usual interpretation of 
the word, again would be said to have occurred. However, his response was 
atypical in view of the reactions of the other subjects, and the breathing 
of warmer air may have altered his responses to some extent. 

Metabolic observations were made on four subjects performing a standard 
amount of work at 25° and -29°C. Unfortunately, a follow-up period at 25°C. 
was not possible due to our having only one treadmill. Average data on four 
subjects are presented in table 3, with a graphic presentation in figure 4 of the 
findings on subject CU. As previously reported (10), exposure to low environ- 
mental temperatures was accompanied by an increased energy expenditure for 
the performance of a standard amount of work. The 25 per cent average rise 

TABLE 3 

Metabolic observations onfottr_(4) men, dressed in Arctic clothing and walking on a 
treadmill at S.O MPH and a S.S per cent grade while exposed to an environ- 
mental temperature of -«9.0°C. continuously for eight (8) days 


Em'lBONlIKNTAL 

VENTILATlOl^. 

EESPIEATORY 

QUOTIENT 

OXYGEN 

CONSUMPTION 

HEAT PEODUCTION 

TKIIPEBATUKE 

L./min 

A% 


A% 

L./min 

A% 

Cal/hr 

A% 

-f25.0°C. 

26.7 


0.92 


1.22 


360 


Days at — 29.()®C. 
First 

33.2 

24.3 

0.86 

-6.5 

1.65 

36.2 

483 

34.2 

Second 

31.1 

16.5 

0.87 

-5.4 

1.50 

23.0 

440 

22.2 

Third 

30.9 

15.7 

0.88 

-4.4 

1.54 

26.2 

452 

25.6 

Fourth 

32.4 

21.3 

0.90 

-2.2 

1.51 

23.8 

448 

24.4 

Fifth 

32.6 

22.1 

0.86 

-6.5 

1.59 

30.3 

464 

28.9 

Sixth 

31.3 

17.2 

0.89 

-3.3 

1.46 

19.7 

430 

19.4 

Eighth 

29.8 

11.6 

0.86 

-6.5 

1.50 

23.0 

438 

21 .7 

Average* 

31.6 

18.4 

0.87 

-5.0 

1.54 . 

25.9 

451 

25.2 


* For days at — 29.0°C. 


in caloric output was slightly, but not significantly, higher in this group of sub- 
jects than in the group exposed for only a single hour to a similar ambient tem- 
perature (10). The energy expenditure during work decreased with continued 
exposure to the low ambient temperature. Although no regular pattern was 
evident in this increased efficiency of performance, viz., a return to cool en- 
vironmental levels, the values obtained on the last two days were the lowest om^s 
observed in the cold. Thus, continued exposure appeared to have a dehmte 
effect on physiological functions in that stimulation due to cold was less evident 
toward the end of exposure. This effect was not noted in all of the sulijects 
(fig. 4). Except for his second day at -29"C., CXJ showed only minor changes 
in caloric output, which was partially a reflection of the slight rise in R.Q. ob- 
served in this subject. 

The average oxygen consumption of the four subjects appeared to have reached 
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a fairly steady level after the first day in the low ambient temperature, the 
greatest variations being observed on the fifth and sixth days. The fall in R.Q. 
from the control days averaged about 5 {ler cent and showed minor variations 
during the succeeding days in the cold. The maximal fall occurred on the first 
day and, although it varied from day to day in the cold, it did not approach the 
pre-cold day values. Subject CXI (fig. 4) again differed from the other subjects 
in that his R.Q. figures were generally higher during cold exposure than in the 
comfortable environment. 

The ventilation rates at all times were greater at — 29°C. than at 25°C. This 
increase, an average of 18.4 per cent, was accomplished through increased depth 
of breathing, as the respiratory rate was not affected. The smallest increase, 
approximately 12 per cent, was observed on the last day of the test. The great- 
est change was noted on the first day in the cold. Lower values, but not in a 
definite progression, were found on all succeeding days. 

As illustrated in figure 4, the rectal temperature at the completion of the work 
period remained relati^■ely constant during the successive days of cool and cold 
exposure. It is unfortunate that the constant breakage of thermocouples pre- 
vented collection of adwiuate data on the changes in body surface temperatures. 
The thigh temperatures obtained appeared to be higher on the last days than on 
the first days of cold exposure. The heart rate slowly decreased, the average 
fall being 12 beats. This may be in part a reflection of training. 

Although the cost to the individual to do a given amount of work in the cold 
was always greater, a slight diminishing of this greater energy expenditure ap- 
peared to occur with longer periods of consecutive exposure to the low ambient 
temperature. This was reflected primarily in reduction of the total caloric out- 
put and the lowering of the minute ventilation volume. 

Only one of the iiuietly sitting subjects exhibited measurable improvement in 
his ability to tolerate cold. All of the other men had \’ariable responses and none 
of the changes in the physiological measurements could be attributed directly to 
length of exposure. It is possible that the duration of exposure was too short and 
that changes similar to those seen in subjcid, BR may have occurred if the ex- 
posure to the cold had been continued. 

There are indications that men do become acclimated to cold and that certain 
physiological mechanisms are involved in this process. X nfortunately, the in- 
dividual variations are so great that no clearly delineated statement of the 
mechanism can be given at this time. 

SUMMARY 

Metabolic observations were made on five subjects who resided continuously 
for three days in a comfortable environment, 25°C., for eight days in a cold 
environment, -29°C., and for another thi-ee day period at 25'’C. No changes 
in basal values for heart rate or rectal temperature occurred. The caloric ex- 
penditures during quiet sitting and while performing a standard amount, of work 
were higher during exposure to the low ambient temperature. The duration of 
exposure to low temperatures did not markedly influence the energy output 
during the sitting period for four of the five subjects. The fifth individual, who 
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was breathing air of approximately 20°C. during this time, showed a stnkmg de- 
crease in caloric output with increased exposure. The significance of this finding 
and its association with a higher level of toe temperature has been ^scussed. 
Four of the subjects exhibited an increased metabolic rate an afterstimulating 
effect of cold— on their return to the control environment. This was not ob- 
served in the fifth subject, the individual mentioned above. 

The energy requirements for the standard work on a treadmill at 3.0 mph and 
a 3.3 per cent grade were increased during low temperature exposure. A small 
but definite return towards normal values occurred with continued exposure, 
but its relation to the development of a state of acclimatization was not clear. 
The decrease could be explained adequately on the participation of a number of 
other factors. 

There is some indication from the data accumulated in this study that ac- 
climatization to cold may occur, but at the present the evidence is too equivocal 
for a definite statement. 
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THE FATIGUE OF STANDING* ■“ 
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The greater fatiguing effect of continuous standing as compared with walking 
is a phenomenon of common experience (1) and observations from daily life 
indicate that work which is performed while standing produces fatigue more 
rapidly and to a greater degree than the same work accomplished while sitting 
(2). The mechanism which creates this difference in fatigue is obscure. 

It is generally assumed that the usual balance oscillations of natural standing 
become increasingly unstable with fatigue although the opposite has also been 
reported. Military standing and so-called “A” posture reduce the sway as 
compared to that of the relaxed natural stance, and the oscillations may be 
further suppressed, or augmented, by the wearing of a pack (3). During preg- 
nancy there is accruing postural instability (4). The effect of long hours of 
car and truck driving is to increase the oscillations of standing balance (5, 6). 
The steadiness of standing has been found to be closely related to the time of 
day (7, 8). Prolonged sleeplessness results in marked deterioration in the 
ability to stand erect with the eyes closed (7, 8). In a twenty-four hour in- 
vestigation of the effects of cumulative fatigue upon standing, we have observed 
that the subjects first manifested an increase in balance oscillations which was 
followed by a marked decrease during the latter hours of the experiment. The 
aggregate of evidence suggests that the fatigue effect of standing may be depen- 
dent upon its quantitath^e factor. 

The metabolic reaction to standing has been measured by numerous mves- 
tigators. The cost of passive stance without muscular effort was found to 
be small and to vary insignificantly from the normal fluctuations of recumbency 
(9, 10, 11) as would be expected. The muscular contractions of active stance 
cause a rise in the metabolic rate (12). The cost may be increased still further 
by amplified balance oscillations; however, this is insignificant when compared 
wdth the high metabolic values for the muscular work of active movement (11, 

13) 

If the metabolic cost of standing is negligible, the accumulation of metabolites 
or the depletion of energy reserves, as the fatigue causative factor, apparently 
may be ruled out (11). If so, what then produces the sensation of exhaustion 
so characteristic of protracted stance? Continuous standing is exceedingly 
trying to some individuals, and persons who have difficulty in making and main- 
taining the circulatory adaptation for the change from recumbency to standing 
experience unpleasant sensations. Individuals have a characteristic reaction 
to quiet standing which is repeatable, and patterns differ markedly from one 

‘ Aided by a grant from the Wisconsin Alumni Research Foundation, 
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individual to another (14). The evidence of poor circulatory reaction is said 
to be reflected in a sensation of great fatigue or of dizziness (14, 15). In suscep- 
tible individuals the effective circulation may become sufficiently embarrassed 
to produce syncope (14, 15), and standing after exercise may be terminated by 
collapse due to orthostatic circulatory insufficiency (9, 16, 17). There are 
individuals whose circulation adapts with apparent ease to strenuous activity 
but who find quiet standing difficult (15) and there is no present means of pre- 
dicting, or identifying fainters among medically and physically fit young men 
other than actual tiltboard testing (17). The physiologic reactions to the stress 
of vigorous activity and to the stress of continued standing appear to be separate 
phenomena, movement having better adaptation due to survival value than 
quiescence (15, 17). 

It has been suggested that the sensation of stance fatigue is probably due to 
more or less acute hypoxemia of higher brain centers which exert a regulatory 
influence over muscle tonus and cardiovascular respiratory mechanisms (2, 
11). If a subacute cerebral hypoxia produces the sensation of stance fatigue, 
might this be reflected in a measurable physiologic disruption of the stance 
equilibrating mechanisms which determine the magnitude and mean location 
of the balance oscillations during natural standing? To answer this question 
the present study was undertaken. 

The purpose of this investigation was two-fold: to develop a method for pro- 
ducing fatigue of the antigravity muscles without untoward subsequent ortho- 
static circulatory insufficiency, and to demonstrate any effect of fatigue upon 
stance equilibrating mechanisms. 

Methods. The subjects of the study were 17 healthy young women, non- 
fainters with one exception, ranging in weight from 41 .4 to 66.0 kgm., in height 
from 155.0 to 173.7 cm., and in foot length from 21.6 to 26.4 cm. 

Standing and static effort were the methods of choice for inducing fatigue 
of the lower extremities. Static effort produces fatigue most readily and rapidly 
since the energy expenditure does not increase in proportion to the load and 
duration but more swiftly (18, 19). Preliminary experimentation showed 
that the duration and approximate load are measurable ; that the effort may be 
maintained in the sitting posture with no untoward effects upon the circulation 
of non-fainters; and that it produces pulse rate and blood pressure responses 
comparable to those induced by moderate to hard muscular work. 

The apparatus employed to determine experimentally the locations of the height 
of the center of gravity in recumbency, and of the center of gravity in the 
standing position has been presented in detail elsewhere (20, 21, 22). 

The effect of standing and of static effort upon the height of the center of gravity. 
Standing. The subject stabilized comfortably relaxfed in a chair near the balance 
table. Standardized recumbency was assumed upon the apparatus, the total 
recumb^t height and the point of balance were determined. The subject then 
stood in a natural position for 15 minutes. The total recumbent height and the 
center of gravity were redetermined (table 1). 

Static effort. After stabilization the total recumbent height and the point 
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of balance were determined. Assuming the sitting position, three fiye-minute 
bouts of static effort were performed with one minute of rest intervening. The 
subject then stood in a natural position for five minutes, then the total recumbent 
height and the balance point were redetermined (table 2). 


TABLE 1 

Effect of standing upon the height of the center of gravity 


SUBJECT 

BECUUBENT 

HEIGHT 

HEIGHT OF THE CENTER OP GRAVITY 

Before 

After 

Dif. 

Before 

After 

Dif. 


cm. 

cm. 

cm. 

cm. 

Per cent 

per cent 

per cent 

RAA 

166.2 

91.9 

91.6 

0.30 

55.29 

55.11 

0.18 


165.9 

92.0 

91.6 

0.40 

55.46 

55.21 

0.25 

AMC 

158.3 

87.2 

87.2 

0.00 

55.09 

55.09 

0.00 

EC 

173.7 

96.4 

96.2 

0.20 

55.50 

55.38 

0.12 

CIE 

166.2 

92.5 

92.1 

0.40 

55.65 

55.41 

0.25 


166.5 

92.3 

92.3 

0.50 

55.74 

55.44 

0.30 


166.2 

92.8 

92.7 

0.10 

55.85 

55.77 

0.08 


165.4 

92.6 

92.0 

0.60 

55.99 

55.62 

0.37 


165.7 

92.4 

92.0 

0.40 

55.76 

55.52 

0.24 

MEE 

170.3 

92.7 

92.2 

0.50 

54.43 

54.12 

0.30 

ERH 

167.2 

93.0 

92.8 

0.20 

55.60 

55.50 

0.10 

MAH 

159.3 

88.0 

87.6 

0.40 

55.24 

54.99 

0.25 

PVK 

169.6 

94.7 

94.4 

0.30 

55.84 

55.66 

0.18 

EML 

155.0 

84.9 

84.7 

0.20 

54.77 

54.61 

0.16 

CMM 

163.6 

91.2 

90.7 

0.50 

55.75 

55.44 

0.31 

MS 

173.0 

93.7 

• 93.0 

0.70 

54.22 

53.75 

0.47 

HW 

164.8 

92.6 

92.4 

0.20 

56.19 

56.07 

0.12 

Averages 

0.347 

55.43 

55.22 

0.216 


Results ami their interprelaiion. Continued standing resulted in lowering 
of the balance point in 16 of the trials, with no effect on 1 individual. Amounts 
varied from 0.00 to 0,70 cm. Static effort induced transient lowering in 18 
trials, with no effect in 3. The lowering ranged from 0.00 to 0.90 cm. The 
effect of static effort was slightly greater than that produced by continued stand- 
ing; however, both resulted in transient lowering of the balance point in a 
significant proportion of the cases. This confirmed the results of earlier 
investigations (23, 24, 25). The shift in weight balance, although the individual 
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deviations were statisticaUy insignificant, may represent considerable pooling 

of blood in the lower extremities. _ r.Lv«io- 

The location of the height of the center of gravity m man lias been of physio- 

TABLE 2 

Effect of etatic effort upon the height of the center of gravity 


suBjwrr 


RAA 

EC 

AMC 

CIE 


MEE 

ERH 

MAH 

PVK 

EML 

CMM 

JN* 

MS 


ftEOlirBllMT 

BCIOBT 


height or the centee of oeavity 


m. 

166.0 

166.0 

172.2 

158.3 

166.6 

166.2 

166.2 

166.2 

166.2 


167.2 

166.9 

166.9 

166.9 

159.4 

169.6 

155.0 

163.7 

163.7 

160.2 

173.0 


Before 


cm. 

91.7 

91.2 

95.7 

87.4 

92.9 

92.6 

92.9 

92.3 

92.7 

92.7 

92.7 

92.8 
92.6 

92.7 

88.0 

94.9 

85.2 

91.6 

91.4 

87.3 

94.2 


After 


cm. 

91.1 

91.2 

95.0 

87.0 

92.0 

92.3 

92.6 

92.1 

92.2 

92.2 

92.7 

92.4 

92.5 

92.3 

87.6 

94.0 

86.2 

91.2 

90.9 

86.8 

93.3 


Dif. 


cm. 

0.60 

0.00 

0.70 

0.40 

0.90 

0.30 

0.30 

0.20 

0.60 

0.60 

0.00 

0.40 

0.10 

0.40 

0.40 

0.90 

0.00 

0.40 

0.60 

0.50 

0.86 


Before 


Averages. 


per cent 

55.24 

54.93 

55.67 

56.21 

55.76 

55.71 
56.89 

55.53 

56.77 

54.63 

55.44 

66.60 

55.48 

55.54 

55.21 

65.95 

54.96 

55.95 

55.83 

54.49 

54.41 


0.421 


After 


percent 

54.87 

54.93 

55.17 

64.96 

55.22 

55.63 

56.71 

55.41 
55.47 

54.33 

55.44 

55.33 

55.45 
55.36 

64.96 

55.42 

54.96 

65.71 

55.62 

54.11 

53.93 


Dif. 


per cent 

0.37 

0.00 

0.41 

0.25 

0.54 

0.18 

0.18 

0.12 

0.30 

0.30 

0.00 

0.27 

0.03 

0.18 

0.25 

0.53 

0.00 

0.24 

0.31 

0.38 

0.48 


55.39 


66.13 


0.253 


• Subject with 6th lumbar vertebra 

logic interest for over two centuries. Numerous in^stigators have 
pS>lem on the living, the cadaver, and thrfetus. 

L method, devised different apparatus, and 

results. The height of the center of gravity from the soles of the feet was re 
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ported to be from 54.8 to 59.8 per cent of the total recumbent height. It is 
lowest in the male cadaver (26), higher in men (24, 27, 28) than in women (20, 
28, 29), and highest in children (30) and in the fetus (30, 31). Respiration and 
heart-beat cause fluctuations in height, and standing, walking, and running 
result in graded transient lowering of the center of weight (23, 25, 32, 33). The 
lowering was attributed to a ^^blood shift^’ toward the active muscles reported 
in gram centimeters per kilogram of weight as 136. 255, and 471 , the mean values 
for 56 subjects determined on a recording balance table (25). The possible 
‘*blood shift’’ to the vascular reservoir of the lower extremities was estimated to 
average at least 870 grams, or nearly 2 pounds of blood more than the normal 
amount (34). This has also been reported as a displacement of an average of 
256 cc. of fluid during 15 minutes of quiet standing (9). The lowering produced 
in the height of the center of weight during standing, walking, and running re- 
ported in millimeters was 0.72, 2.21, and 5.38 (23). Our value for standing, 
3.47 mm. (table 1) is higher but compares favorably and the data also contribute 
the additional information that the effect of static effort, 4.21 mm. (table 2), 
is comparable to that of active exercise. Although the deviations were small, 
they represent a considerable pooling of blood in the lower extremities which 
probably results in decreased blood flow to the head with subsequent hypoxia 
in higher neural centers. Changes in the height of the center of weight may 
also stimulate equilibratory mechanisms. It is therefore suggeste d that the 
weight redistribution, the accompanying stimulation of equilibratory mecha- 
nisms, and the hypoxia of neural centers may be component primary factors in 
producing the complex sensation of the fatigue of standing. 

The effect of static effort upon the mean locus of the center of gravity oscillations 
during standing. The subject was seated comfortably relaxed on a stool beside 
the scale platform and allowed to stabilize. The subject then dipped the soles of 
the feet in potassium permanganate solution and stood naturally in a stand- 
ardized foot position upon absorbent paper on the platform. A five-minute 
record of stanc^e oscillations in the antero-posterior and lateral planes were made 
on a moving kymograph. Seated, with relaxed upper body and fully extended 
lower extremities, the subject supported a 4.5 kgm. sandbag placed across both 
ankles. Adhesive tape over the belly of the quadriceps femoris muscle held a 
silk thread taut to a straw lever which recorded any muscle tremor on a moving 
kymograph during the muscular effort. The static contraction was maintained 
for five-minute periods with one minute of rest intervening until unbearable 
pain terminated the bouts. The subject was quickly assisted to stance on the 
platform and five minutes of oscillation observations were made. Blood pressure 
and heart rate determinations were secured at 60 second intervals throughout 
the entire experimental period. The subject was blindfolded while seated to 
eliminate extraneous stimuli attendant upon operative procedures. 

Results and their interpretation. The experimental data include 34 sets 
of 25 serial center of gravity oscillation observations, 34 footprints, pulse rate 
and blood pressure determinations, and tremor kymograms. 

Effects of static effort. Pulse rate and blood pressure observations served as 
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indices of the relative severity of the physiologic effect produced by static effort. 
The lowest resting level for pulse was 58 beats per minute, and the highest value 
during static effort was 120. The pulse rates increased from 12 to 56 beats per 
minute. An increase of 26 beats is reported to indicate moderate work, 33.5 
beats hard work, and 54 beats exhaustive work (35). On the basis of this cri- 
terion the static effort may be classified from moderate to exhaustive, depending 
upon the reaction of the individual subject. The systolic blood pressure in- 
creased from 26 to 70 mm. Hg with static effort, and the highest reading obtained 
was 170 mm. Hg. These findings compare favorably with those of other in- 
vestigators (12, 19). 

The static effort was hard and dfficult to maintain. The thigh muscles soon 
ached, frequently cramped, and the pain became severe with repeated bouts. 
The subjects averaged three bouts of effort. Relief from pain was instantaneous 
with relaxation. Paresthesia of the feet was subjectively reported. Perspiration 
often appeared on axillae, forehead, abdomen, and palms of the hands in spite 
of the two fans employed. The subject sometimes manifested irritability. 
Sighing and Cheyhe-Stokes respiration were observed in some subjects. Fascic- 
ulating tremor of the quadriceps femoris was coincident with the static effort, 
increasing in amplitude with each bout, often appearing in related muscle groups 
and in other musculature. These findings agree with the report which also 
points out that fatigue of static effort was definitely associated with pain and 
muscle tremor, and that the recruitment of other sets of muscles was gradually 
included until the total musculature of the body seemed to be involved (19). 

After the static effort every subject was able to tolerate five minutes of stand- 
ing. One subject was markedly unstable almost to the point of falling, then 
suddenly steadied and maintained a stance resembling bipedal reflex rigidity 
(figs. 1 and 2). Since this subject habitually swayed considerably, the sup- 
pression of oscillation was a pronounced phenomenon. 

The locations of the center of gravity oscillations during standing before 
and after static effort were calculated from the kymograms and plotted on the 
corresponding footprint records. 

In the majority of individuals the mean location of the center of gravity 
oscillations in natural standing is normally eccentric back and to the left of the 
geometric center of the total base of support (36, 37). The eccentricity is a 
compensatory phenomenon which counterbalances the forwardly imbalanced 
and asymmetric weight distribution of the body (38). All of the subjects of 
this study were normally eccentric in the backward direction, with 67 per cent 
to the left of the geometric center and 33 per cent to the. right. After static 
effort the usual mean location of the balance oscillations was consistently dis- 
rupted, the amount and direction being variable (table 3). It is known that 
stance oscillation patterns are highly individual and repieatable (39, fig. 2). 
Since this is true, and recognizing the individual variance in direction of weight 
displacement which occurred following static -effort fatigue, the mass handling 
of these data could mask pertinent information concerning the physiologic reaction 
to equilibratory stress. 
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Analysis of the data. Since the suctcessivc (Ichn’minations ot tiic 1(M'| oi a 
particular subject’s center of gravity projection (lining pre- or post-static effort 
periods are serially correlated, these data cannot be analysed validly by cus- 
tomary statistii'al prow'dun*, which assume independence (i the successive 
determinations of th(' values of the paramet-ers under investigation (40). 1 he 

oscillations of the center of gravity liaffle (piantification due to the harmonic 
motion involved. 4’hcse factors preclude the statistical analysis oi the data 



Kig. 1. Kymogranm (,f synclironous bi-plane eonter ,.f gravity nseillatinns during live 
niinules of natural standing before and after statics elTorl. 

Upper: iinlt'roixistf'rior, loivcr: laloral; 


However, the- bi-plane center of giinity oscillation kyrnograms provided the 
data for plotting the 25 serial obs(>rvations on the correspomlmg footprint ..1 
each subject. The geometric cimter of the footprint then served as a l.enchmark 
for the orientation of the mean location ol the oscillations. 

Every subject manifested a change in the mean location ol the oscillations 
after static effort during one, or more, sets of observations. (Ihangijs m both 
antero-posterior and lateral planes were exhibited by 55.0 per cent ol the sub- 
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jects, 33.3 per cent in the lateral plane alone, and 11.1 per cent in the antero- 
posterior plane only. The disruption in the lateral plane appears to occur more 
readily than in the antero-posterior. Since the usual stance eccentricity is 
due in part to asymmetric weight distribution this would be expected. The 
lateral displacement was emphasized by one susceptible individual, affected 
only in this plane, who manifested the most marked imbalance of any subject, 
maintaining equilibrium with great difficulty immediately after static effort, 
as illustrated in figures 1 and 2. The evidence indicates that the mechanism 



P'ig. 2. Reproduction of footprints with projected center of gravity locations. 

Upper left and right: before and after static effort center of gravity locations during live 
minutes of natural standing. 

Lower left and right: the mean location of center of gravity oscillations during five 
minutes of natural standing before and after static effort projected onto the same footprint. 
Left: two sets of observations on MS. Right: four sets of observations on EML. 

Crossed circle: geometric center of the base of support. 

Open circle: upper footprints — instantaneous center of gravity locations, 
lower footprints— -mean of pre-effort oscillations. 

Closed circle: upper footprints — mean of instantaneous locations. 

lower footprints — mean of post-effort oscillations. 

maintaining tlie usual compensatory eccentricity of stance is altered by fatigue 
of static effort. Two subjects were only slightly affected in one, or more, sets 
of observations. This may be accounted for by a high degree of physiologic 
efficiency in reaction to fatigue stress, by the effort being too easy for the subject, 
by individual differences in the al)ility to endure sensations of stress and in the 
willingness to push oneself beyond the threshold of discomfort. 

In the static effort involving the antigravity muscailature, as in continuous 
standing, there is probably an excessive generation of motor and sensory nerve 
impulses. The static contraction not only results from repetitious motor stim- 
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ulation, but also gives rise to sensory stimuli which produce the sensation of 
discomfort, these sensory stimuli elicit reflex stimulation of antigravity muscula- 
ture and recruit contraction in other muscles (12, 19). Additional sensory 

TABLE 3 


The average deviation of the center of gravity from the geometric center of the 
footprint expressed in per cent of one-half the diameter in each plane 


AKTEROPOSTEmiOR DEVIATION 

LATERAL DEVIATION 

Subject 

Pre*. 

Post. 

Dif. 

A-P 

Pre-. 

Post. 

Dif. 

R-L 


ptr cent 

per cent 

per cent 



per cent 

per cent 

per cent 


EB 

-3.85 

-i-0.46 

4.31 

T ] 

-6.79 

-6.65 

0.14 


MB 

-4.67 

-6.76 

2.09 


-2.02 

-3.35 

1.33 

- 

RMC 

-26.17 

-29.27 

3.00 


-8.94 

-13.96 

5.02 

- 

FAH 

-25.80 

-16.77 

9.03 

T 

-0.37 

-0.31 

0.06 



-23.90 

-23.95 

0.05 

i i 

-2.74 

+3.84 

6.58 


PVK 

-19.23 

-16.48 

2.75 



-2.32 

-1.96 

0.36 



-16.07 

-9.29 

6.78 



+3.27 

+3.33 

0.06 

— ► 


-14.03 

-17.59 

3.56 



-0.59 

+0.19 

0.40 



-7.19 

-23.29 

16.10 



-0.18 

-1.62 

1.44 


EML 

-2.73 

4-9.09 

11.82 



-2.91 

-2.12 

0.79 



-4-3.97 

4-9.00 

5.03 



-4.70 

-0.94 1 

3.76 



-3.62 

4-1.64 

5.26 



-7.07 

-0.55 

6.52 



-fl.61 

4-5.11 

3.50 



-10.76 

-4.22 

6.54 


LML 

-6.47 

-18.75 

12.28 


-2.21 

+6.32 

8.53 

- 

HMS 

-10.63 

-18.29 

7.66 

i 

-2.28 

-5.41 

3.13 

- 

MS 

-15.12 

-10.63 

4.49 



+3.11 

-4.61 

7.72 

4— 


-24.35 

-5.82 

18.53 

1 


-3.06 

-10.77 

7.71 



-f : in front, or to the right, of the geometric center 
— : back, or to the left, of the geometric center 
25 observations in each plane pre- and post-static effort 
Average difference : Anterior 7 . 15 
Posterior 6.39 
Right 2.98 
Left 4.39 

Post-effort shift: Anterior-right 8 experiments 
Anterior-left 2 
Posterior-right 3 
Posterior-left 4 

stimuli are then produced which contribute to the sensation of discomfort which 
may vary from mild uncomfortableness to severe pain. Since relief from the 
pain of static effort is instantaneous with relaxation, this would suggest either 
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a circulatory or a nervous component, or a combination of both, with an excessive 
generation of sensory stimuli as the dominating factor. 

Paradoxically, both extremely relaxed stance, and certain rigid postures, 
create no sensations of fatigue. Relaxed comfortable standing is reported to 
be nearly indefatigable, being accompanied by only slight sensations of discom- 
fort (11). Decerebrate animals can maintain rigid postures for long periods 
of time without apparent fatigue, and catatonic patients can hold unnatural 
static positions for longer duration than normal individuals can tolerate without 
fatigue (12). The lack of apparent fatigue may be accounted for in the decere- 
brate animal if sensory stimuli are unable to bombard higher nerve centers 
which register pain sensations, and in the catatonic patient by the inability to 
experience normal sensations of pain, or fatigue. It is possible, therefore, that 
the apparent indefatigability of rigid posture may be due to lack of perception 
of the excessive generation of sensory stimuli, and that the economy of muscular 
contraction during exceedingly relaxed comfortable standing may not produce 
excessive volleys of sensory stimuli which reach consciousness as sensations of 
fatigue. 

Stance fatigue: a release phenomenon. The disadvantages of standing ^vere 
recognized by Holland who is quoted by Hunting (41) as pointing out that 
“standing combined all the fatigue of walking with the stagnation^ of rest . 
Due to the effects of gravity a greater amount of blood descends into the lower 
extremities of the body in standing, than in sitting; because of this, the upper 
circulatory^ half is deprived of a not inconsiderable quantity of blood, of which 
the supply to the brain is first to be diminished (42). It is common knowledge 
that functioning part-s of the body are more vascularized during activity than 
at rest. The sustained muscular contraction of static effort probably increases 
the vascularijSation to the muscles involved. The circulating volume of other 
parts is thus decreased. With the subsequent assumption of the erect posture, 
gravity causes a further increase in the blood volume of the lower extremities, 
resulting in a greater depletion of circulation through the head. The brain 
is particularly sensitive to oxygen lack. It is probable that the decreased supply 
of blood to the brain becomes noticeable as a slowly increasing aggravation 
and disturbance of the innervation and association processes decurrent in the 
brain (2). The motor impulses can no longer be sent out to working muscu- 
lature in the same precise and finely graduated manner. The antigravity, and 
other, muscles become more innervated than is necessary for the effort, and the 
stance oscillations become altered. Every muscular effort presupposes an 
established innervation and control function of the brain, therefore, it is quite 
possible to trace the early onset of fatigue at work while standing to cerebral 
hypoxia evoked through standing (2). 

Presupposing that when the narrow tolerance to oxygen depletion is reached 
in higher brain centers governing equilibrium, the inhibitory control over lower, 
less vulnerable, mechanisms is lifted, and an induced^ state sunilar to decere- 
brate rigidity, or bipedal reflex standing, is thus initiated. In the transition 
stage the fluctuations of neural control may produce instability of equilibrium 

* ItalicB by author. 
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which may, or may not, eventually resolve into variable degrees of temporary 
rigidity of stance. When this occurs, the stance oscillation pattern changes. 
The evidence presented in this study indicates that some dominant change in the 
equilibratory meclianism markedly disrupts from its usual position the mean 
location of the center of gravity oscillations during natural standing when fa- 
tigued. Perhaps the normal compensatory eccentricity of weight is affected, 
or lost, through lessened higher control superimposed upon more primitive 
stance mechanisms during the process of evolution, and older patterns of equilit)- 
rium tend to reappear. It is known that disease releases equilibratory mecha- 
nisms from higher neural control, therefore it seems reasonable to assume that 
stance fatigue due to subacute cerebral hypoxia might affect vulnerable higher 
equilibratory mechanisms and induce a similar release phenomenon. 

Stance fatigue: an excessive accumulation of sensory stimuli. Grow (43) be- 
lieves that “fatigue is due to an excessive generation of nerve impulses and 
originates in the nervous tissues of the body^’. That “it is the act of generating, 
of creating, of producing the nerve impulse that is exhausting and not the 
muscular exertion that causes fatigue^\ The hypothesis is therefore suggested: 
that protracted standing evokes an excessive generation of nerve impulses which 
cumulates in the sensation of stance fatigue. This is initiated through repeti- 
tious stimulation of antigravity musculature and through subacute cerebral 
hypoxia which lifts higher neural inhibitory control over lower equilibratory 
mechanisms, thus releasing excessive stimuli to antigravity muscles. The tonic 
antigravity musculature, in turn, gives rise to volleys of sensory stimuli which 
produce sensations of discomfort, and which find neural expression in efferent 
stimulation to other musculature, with subsequent contraction and sensory 
reaction. Thus an additive sensory resultant is created which impinges on 
consciousness as the fatigue of standing. 

SUMMARY AND CONCLUSIONS 

The purpose of this study was to investigate the fatigue of standing by de- 
veloping a method for fatiguing the lower extremities and by demonstrating any 
fatigue effect upon physiologic mechanisms regulating the height of the center of 
gravity and the mean location and magnitude of the balance oscillations during 
natural standing. 

Fatigue was produced by continued standing and also by static effort. The 
effort consisted of full extension of the lower extremities while supporting a 4.5 
kilogram sandbag during three or more five-minute periods with one minute of 
rest intervening. 

Seventeen determinations of the effects of continued standing upon the height 
of the center of gravity were made on 12 young women, and 21 observations 
of the effects of static effort upon the height of the center of gravity were made 
on 17 young women. 

The effects of static effort upon the mean location and magnitude of the center 
of gravity oscillations during natural. standing were observed on 9 young women, 
yielding 1620 single center of weight determinations. 

The following conclusions have been’ reached : 
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1. The height of the center of gravity of the body is lowered by continued 
standing, and by static effort involving the lower extremities. 

2. The usual mean location of the balance oscillations of the center of gravity 
of the body during natural standing is displaced by the fatigue of static effo 

Derformed by the lower extremities. . , rt i 

3. The fatigue of static effort produces an increase in the magnitude of balance 
oscillations, a decrease in magnitude, or a combination of both. 

4 The lowering of the center of weight and the marked change in the magni- 
tude and mean location of balance oscillations suggests a weight redistnbution 

“^"TubliTr^bral hypoxia may release lower equilibratory mechanisms 
from higher inhibitory control, thus producing hypertonia of antigravity muscula- 

It is suggested that the redistribution of fluid weight, the protracted genera- 
tion of motor stimuli producing atonicity of antigravHy and other musculature, 
and the excessive volleys of sensory stimuli thus elicited, probably create an 
additive resultant expressed as the fatigue of standing. 

Acknowledgments. The author is indebted to Dr. J /-- .. 

Dr C Eisenhart for advice concerning the analysis of the data, and vnshes to 
express sincere thanks to C. I. Eifler, E. C. Fries, P. V. King, H. V. Skowlund 
for their technical assistance. 


REFERENCES 


P. 172. The Univer- 


This Journal 


(1) Carlson, A. J. and V. Johnson. The machinery of the body 

sity of Chicago Press, Chicago, 1941. 

(2) Hoeiuchi, K. Arbeitsphysiol. 1: 7^ 19ffi. t ir a ho 

(3) Hrllebrandt, F. A., E. C. Fries, E. M. Larsen and L. E. A. Kelso. 

(4) Fries, E. C. and F. A. Hellebrandt. Am. J. Obst. and Gynec. 48: 374, 1943. 

PvAxr A H AND M Warner. Am. J. Psychol. 48: 403, 1936. 

(6 ) Wulfieck.W.H. Public Health Bulletin no. 265. pp.l6fr-167. U. S. Gov’t. Printing 

Office, Washington, 1941. 

(7) Lee, M. A. M. and N. Kleitman. This Journal 87: 141, 19M. , ™ 

8) CooPERMAN, N. R., F. J. Mullin and N. Kleitman. This 

(9) Turner, A. H., M. I. Newton and F. W. ® 

(10) Tepper, R. H. and F. a. Hellebrandt. This Journal I®* 1938. 

Ill) Hellebrandt. F. A., E. Broodon and R. H T^per This Journal 129. 773, 1940. 

(12) Gatlor, j. B. and G. M. Wishart. Brain 68: p, 1^. 

(13) Sherman, H. C. Clwaastry of food and nutrition. Ed. 6. pp. 180-186. 

millan Company j New York, 1941. 

(14) Turner, A. H. Sfeiw Journal 87 : 667, 1929. 

(15) Turner, A. H, Journal 81: 197, 191^. 

(16) Broodon, E. A. Hellebrandt. This if ’ifus 

(17) Allen, S. C., 0.4 . Tatlqr and V. E. Hall. This Journal 148. 11, 1945. 

( 18 ) BornsteinamSPoher. Pflttger’s Arch. 98: 146, 1903. See Steindlbr, A. 


The Mac- 


Mechanics 


of noi^l and patholo^cal locomotion in man. P. 109. Charles C. Thomas, 

F. E. H. T.™, G. L.31U™ M. O. Eluo.. Tta. 
iHl: 466, 1938. 



THE FATIGUE OP STANDING 


121 


(21) Kelso, L. E. A. and F. A. Hbllbbrandt. Science 86; 451, 1937. 

(22) Hbllbbrandt, F. A., L. E. A. Kelso and E. C. Fries. Physiotherapy Rev. 22: 10, 

1942. 

(23) Cotton, F. S. Australian J. Exper. Biol, and Med. Sc. 8: 53, 1931. 

(24) Cotton, F. S. Australian J. Exper. Biol, and Med. Sc. 10; 17, 1932. 

(25) Cotton, F. S. Australian J, Exper. Biol, and Med. Sc. 10: 225, 1932. 

(26) Braunb, C. W. and O. Fischer. Abhandl. d. math.-phys. Cl. d. k. siichs. Gesellsch. 

, d. Wissensch. 26: 561, 1890. 

(27) Meyer, G. H. Muller’s Arch., 1853. 

(28) Croskey, M. I., P. M. Dawson, A. C. Luessbn, I. E. Marohn and H. E. Wright. 

This Journal, 61: 171, 1922. 

(29) Cotton, F. S. Am. J. Phys. Anthrop. 18: 401, 1934. 

(30) Palmer, C. E. Am. J. Phys. Anthrop. 11: 423, 1928. 

(31) Griffith, W. S. A. J. Obst. and Gyn. British Empire 27: 105, 1915. 

(32) Cotton, F. S. Australian J. Exper. Biol, and Med. Sc. 10: 97, 1932. 

(33) Damir, A. M. Compt. Rend. Acad. d. Sc. I’URSS. 44: 78, 1944. 

(34) Cotton, F. S. Australian J. Exper. Biol, and Med. Sc. 13: 197, 1935. 

(35) Lowsley, O. S. This Journal 27 : 446, 1911. 

(36) Hellebrandt, F. A. and G. L. Braun. Am. J. Phys. Anthrop. 24: 347, 1939. 

(37) Hellebrandt, F. A. and E. C. Fries. Physiotherapy Rev. 22 : 36, 1942. 

(38) Hellebrandt, F. A., B. G. Nelson and E. M. Larsen. This Journal 140: 205, 1943. 

(39) Hellebrandt, F. A. and E. C. Fries. Physiotherapy Rev. 22 : 8, 1942. 

(40) Eisenhart, C. Biometrician, biometry and physics section. The University of 

Wisconsin, Madison. Personal communication. 

(41) Runting, E. G. V. Med. Press and Circ. 208: 353, 1942. 

(42) Atzler, E. and R. Herbst. Zeitschr. f. d. ges. exper. Med. 38: 137, 1923. 

(43) Grow, M. C. Mil. Surgeon. 78: 103, 1936. 


RELATIONS BETWEEN CUTANEOUS BLOOD FLOW AND 
BLOOD CONTENT IN THE FINGER PAD, FOREARM, 
AND FOREHEAD* ’ 

A. B. HERTZMAN, W. C. RANDALL and K. E. JOCHIM* 

From tkt Department of Physiology, St. Louis University School of Medicine, 
St. Louis, Missouri 


Received for publication April 9, 1947 


Decreases in limb or organ volume have frequently been interpreted as in- 
dicative of increased arterial tone or decreased blood flow. The possibility 
of the changes in volume of an extremity being due to reactions on the venous 
side of the vascular bed has been indicated in studies where the neoessap cor- 
relations between volume and flow could be made (1,2). A similar examination 
of fbogp relations in any skin region may be effected by photoelectric plethysmo- 
graphy (3). The necessary' data are avaUable in the photoelectric plethysmo- 
gram since the simultaneous changes in blood content and blood flow can be 
estimated through the calibration of the photoelectric plethysmogram as de- 


scribed below. , , i • 1 ii. 

This paper describes, first, the application of the photoelectric plethy8m<> 

graph to the estimation of changes in blood content and of the level of the blood 
flow in the skin, second, the correlations between flow ^d volume changes; 
third, the use of these correlations in estimating the direction^ changes in 
arterial and venous tone, fourth, the estimation of the blood depot in the minute 

vessels of the skin. ^ j -iu 

Methods. 1. Changes in the blood content of the shin were estimated with 
the photoelectric plethysmograph by calibrating the photoelectric plethysmo- 
gram in terms of the “filter unit” and then estimating the volume equivalent of 

the latter. , . ,, 

a. Calibration of the photoelectric plethysmogram in terms of the JMer unit . 
Previous descriptions of the technique of photoelectric plethysmography (3, 4, 
5) have referred to a method of calibrating the plethysmogram in terms of an 
arbitrary but reproducible unit called the “filter unit” (fig. 6, reference 4). 
This is simply the deflection in the photoelectric record produced by insertion 
of a clear glass plate (the filter) in the path of the light returning to the photo- 
tube. We may then express the deflections in the photoelectnc record due to 
changes in blo^ contentla terms of “filter units” by using the equation 


( 1 ) 


AV - 




where Fi is the defle^on in the photoelectric record due to the insertion of the 
filter ; A Fj is the deflection due to a change in blood content (increase or de- 

VPi«liimimry jri|K)rt: Federation Proceedings 6: 45, 1946. - 

4 Aided by from the American Medical Association. 

* No^ y; University of Kansas, Lawrence, Kansas. 
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crease); and A Fjr is A Vi expressed in filter units. Obviously, this procedure 
is applicable to the measurement of either the amplitude of the volume pulse or 
other changes in the blood content of the skin. Our problem, then, in quanti- 
tating the photoelectric plethysmogram, is to determine the volume equivalent 
of the ‘^filter unit”. 

b. The estimation of the volume equivalent of the filter uniV\ Comparisons of 
mechanical and photoelectric plethysmograms which were recorded simultane- 
ously from the same finger show qualitative parallelism in the two records. 
By appropriate adjustments in recording sensitivity, one may superimpose one 
record upon the other. This fact suggests that the mechanical plethysmogram 
may be employed for the calibration of the volume changes as inscribed by the 
photoelectric plethysmograph. Difficulties arise, however, for the reason that 
the mechanical plethysmogram also includes changes in volume which may 
involve the larger vessels of the finger; similar effects are absent from the photo- 
electric plethysmogram since it reflects only those changes in volume w'hich are 
occurring in the minute vessels of the skin. 

The fact that the volume changes in the photoelectrically recorded plethysmo- 
gram of the finger pad are relatively smaller than those in the mechanically 
recorded plethysmogram of the finger is readily demonstrated by calculating the 
ratio of the reduction in volume to the decrease in blood flow during a reflex 
vasoconstriction. Since the amplitude of the volume pulse varies directly with 
the blood flow (5), it is convenient for the purpose of calculating the value of 
this ratio in both plethysmograms to substitute the amplitude of the volume 
pulse for blood flow. Further, although the two plethysmograms are expressed 
in different units (the photoelectric in terms of '‘filter units” and the mechanical 
in terms of volume), it is still permissible to compare the values of the ratios 
from the two records since the “filter unit” may be defined in terms of its volume 
equivalent. The ratio of change in volume to change in flow is about twice as 
large for the mechanical plethysmogram when this is recorded from the terminal 
phalanx of the finger as for the photoelectric plethysmogram recorded from the 
skin of the finger pad. Inclusion of still larger vessels by recording the mechani- 
cal plethysmogram from the entire finger further increases the difference between 
the two ratios. 

The error introduced into the comparison of the photoelectric and mechanical 
plethysmograms in the manner indicated above would be eliminated in a com- 
parison of the cutaneous volume pulses as recorded b}'' the two methods, since 
the volume pulses are exhibited only on the arterial side of the circulation under 
normal conditions. The volume pulses of the terminal phalanx were recorded 
by enclosing it in a light metal capsule (a heavy automobile grease was used to 
effect a seal) and by using air transmission to an optical recorder. Tests of the 
frequency of response of the system indicated that it was adequate for the 
purpose of calibration. Both the volume and the surface area of the phalanx 
within the capsule were carefully measured, the former by the displacement 
method, the latter by taping and then measuring the area of the tape. The 
simultaneous photoelectric values of the mean phalanx skin pulses were esti- 
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mated from the photoelectric records according to the Pro'^'i^e which is d^ 
scribed in equations 2 and 3 and table 5 of reference 5. The equivalence of 
the mechanical and photoelectric values is expressed in the equation 


K. • P 


PH 


(2) V.P. 

where V.P. is the amplitude of the mechanically recorded phalanx volume pulse 
in cc /cm = skin; Prn is the photoelectrically estimated amplitude of the ptolanx 
volume pulse expressed in “filter units” (see equation » 
method of calculating P,h ) ; and if. is the volume equivalent of the filter unit 
in cc /cm* The determination of the value of Kt provides a method for appl^g 
a calibration scale to the photoelectric plethysmograms recorded from various 
skin regions. Table 1 summarizes such a determination of K, on 4 subjects. 
The average value of K., thus determined, is 0.00026 cc./cm.* skin/filter unit. 


TABLE 1 

The volume eguivdlent of the * ^filter unit 


SUBJECT 

V. F. 

VOLUME PULSE OF 
TEKMIKAL PHALANX 

^PE* 


CC. /cm.* skin 

units** 

La 

0.000135 

0.51 

Mi 

0.000243 

0.98 

Ki 

0.000180 

1 0.68 


0.000500 

1.98 

T.J. 

0.000175 

0.67 


Average . 


V. P. 

^PH 

Kf> 

cc./cm.*/filter unit 


0.000264 

0.000249 

0.000265 

0.000252 

0.000261 


0.000260 


OF 

OBSEUVATIONS 


6 

4 

10 

6 

15 


6 ). 


• Ppir-average phalanx pulse as estimated photo^lectricaUy (see equation 2, reference 

SubjectB are the same as in table 5, reference 5. 

The caUbration of the photoelectric plethysmograph in terms of changes m 
blood content is then obtained from the relation 

(3) AV >= 0.00026 -AVr 

where AV is the change in blood content of the skin (cc./cm.* of skin) and AF, 
is the deflection (expressed in “filter units”) in the photoelectric record due to 
the change in the blood content of the skin. This relation applies to either an 

increase or a decrease in blood content of the skin. . n j 4 . 

One cannot be certaui of the absolute accuracy of this experimentally deter- 
mined value pf K. since exact equivalence of the volume pulse of 
the photoelectrically estimated skin pulse of the phalanx may be ^ 

inclusion of the pulse of the digital artery in^e mechanical plethysn^gram 
This error cannot be large, however, for the following, reasons; first, the per cent 
change in th^s volume pulse of the phalanx during vasomotor reflexes is approxi- 
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mately the same as that in the photoelectrically recorded skin pulse; second, 
the digital artery does not participate in these reflexes (6) ; it cannot then con- 
tribute significantly to the phalanx pulse. 

The choice made in this paper of expressing the changes in blood content of the 
skin in terms of surface area is guided by several considerations. It is most 
convenient to express the cutaneous blood flows in terms of surface area and it is 
also necessary to do so in regions other than the digits since only in the latter 
may one estimate skin volume. The quantitative study of the relations bet\\een 
blood, flow and blood content (see below) necessitates similar units in measure- 
ment. The actual vohime of skin which is to be utilized in the ratio of vascular 
volume to skin volume is indeterminate. The surface area is readily measured. 

2. The blood flow in any skin region may be estimated from the equation 

(4) Flow/minute = K/ • P fh 


where 

P PH is the amplitude of the photoelectrically recorded cutaneous volume 
pulse expressed in “filter units”; 

Kf is the flow equivalent of the “filter unit”. ^ 

Previously published data (5) established the value of Ks as 0.10 cc./cm.Vmm. 
/filter unit— on the finger pad. Application of this value to other skin areas 
yields reasonable data for the blood flows in these areas (^)- 

The relation of changes in blood content of the skin to variations in blood flow in the 
skin. Table 2 presents a series of simultaneous measurements on the same 
subject of changes in blood flow and in blood content of the finger pad. The 
constrictions in this series of observations and also in those referred to below 
were either “spontaneous” or those elicited by suitable stimuli (startle, pain, 
deep breath, etc); the dilatations were recoveries from previous constrictions. 
The durations of these changes varied from ten seconds to ten minutes. It is 
obvious that the blood content of the finger pad varies in the same direction as 
the changes in blood flow and that the relation between volume and flow is an 
approximately linear one. Some scatter in the values of the ratios occurs on 
successive vasomotor changes in the same individual as well as in averages from 

various individuals. . • r 

In a series of 48 observations on 7 subjects, the mean value of the ratio oi 
volume change to flow change was 0.012; averages in these 7 subjects were 
distributed between 0.0102 and 0.0164. This means that a change m the rate 
of blood flow of 0.10 cc./cm.Vmin. in the finger pad will result in a corresponding 
change in the blood content of the pad approximately equal to 0.0012 cc./cm.^ of 
skin. This statement holds for either dilatation or constriction. The rela- 
tively minor deviations from the mean value of this ratio are related to such 
variables as the time required for a new volume equilibrium to be established 
following a change in flow and individual differences in the capacity of the 

vascular bed in the pad.^ . ^ , . i 

The relative constancy of the numerical value of the ratio of change in volume 
to change in flow in the finger pad may be employed to examine the possibUity 
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of changes in venous tone occurring in the vascular reactions under observation. 
Thus, the relative constancy of the ratio in the vasomotor responses in the finger 
pad to such stimuli as noises, ‘^psychic” stimuli, deep breaths, etc., suggests 
that in these instances changes in venous tone either do not accompany those 
on the arterial side or are approximately proportional to the change in flow 
(they would then be masked by the latter). Large deviations, however, in the 
value of the ratio from the mean would imply the occurrence either of large 
or of disproportionate changes in venous tone. 

Such effects may obtain during cutaneous vascular reactions to changes in 
temperature. They are readily illustrated by recording from the finger pad 
during the application of cold to the finger: The decrease in blood content of 
the pad skin during the initial constriction may be two to three times as great 
as that which would be expected to accompany the decrease in flow if the de- 

TABLE 2 


Relation of chang4e in blood content to changes in blood flow in the skin of the finger pad 






CHAKOB IN VOLUME 

CONTKOI. FLOW 

CHANGE IK FLOW 

CHANGE IK VOLUME 

DUEATION 

CHAKOE IN FLOW 


€c.fcm.*ftnin. 

cc./cm,* 

seconds 


0.078 

+0.166 

+0.00229 

70 

0.0140 

0.106 

+0.131 

+0.00209 

40 

0.0158 

0.079 

+0.138 

+0.00190 

22 

0.0137 

0.217 

-0.169 

-0.00280 

23 

0.0143 

0.060 

+0.118 

+0.00170 

12 1 

0.0144 

0.062 

+0.168 

+0.00277 

72 

0.0166 

0.222 

-0.179 

-0.00200 

240 

0.0112 

0.071 

+0.104 

+0.00243 

87 

0.0234 

0.374 

-0.336 

-0.00630 

10 

0.0188 

0.366 

-0.106 

-0.00231 

40 

0.0218 

0.160 

0.169 

0.00266 

averages 

0.0164 


decrease 4- : increase. 


crease in volume were in the same ratio to the decrease in flow as that which 
obtains during a vasoconstriction when the finger temperature is normal. This 
deviation from the predicted value of the ratio suggests that the decrease in 
volume resulting from arterial constriction and decreased inflow was reinforced 
by an unusually large increase in venous tone. This interpret^ion is in harmony 
with other observations described below. 

The reactive dilatation which appears usually three to ten minutes after 
the application of cold is begun presents a hyperemia of the finger pad which 
is greater than can be accounted for by arterial dilatation. This is obvious 
in a qualitative sense from the sudden reddening of the skin and the engorgement 
of the capillaries. The increase in blood content may be three or more times 
that predicted from the increase in blood flow, and the blood content of the pad 
may remain far above the control level for varying periods of time, gradually 
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returning to the control level as the reaction to cold wears off. It is probable 
that the locus of this congestion is on the venous side, in the small veins and 
subpapillary plexus. Dilatation of these vessels by cold, plus their engorgement 
by the opening of arterio-venous anastomoses, would contribute to the develop- 
ment of this congestion which seems to be a readily reversible phenomenon if 
the chilling has not been too prolonged. 

When we turn to skin regions other than the hands and feet and attempt to 
apply the procedure utilized above, we encounter certain complications. First, 
the low level of the resting blood flow in the skin of the trunk, arms and legs 
(7) makes very difficult the reliable demonstration of vasomotor reflexes acting 
on the arterial side of the circulation in these regions, particularly when the 
magnitude of the change in flow is only a small fraction of a flow already small 
(table 3). This diflBculty does not hold for the relatively large changes in the 

TABLE 3 


Relation of changes in blood content to changes 

in blood flow in the skin of the forearm 




CHANGE IN VOLUME 

CONTSOL PLOW 

CHANGE IN FLOW 

CHANGE IN VOLUME 

CHANGE m FLOW 


cc,fcmA/>min. 

cc./cm.^ 


0.023 

0.000 

0.00049 


0.022 

0.017 

0.00054 

0.032 

0.015 

0.002 

0.00033 

0.165 

0.014 

0.007 

0.00034 

0.049 

0.025 

0.0073 

0.00054 

0.074 

0.016 

0.005 

0.00035 

0.070 

0.021 

0.003 

0.00106 

0.350 

0.021 

0.0035 

0.00123 

0.350 

Averages. . 0.019 

0.0056 

0.00061 

0.156 


All changes were decreases. 


blood content of the skin (table 3). Second, the usual vasomotor discharges 
to the hands and feet affect neither the blood flow (8) nor the blood content 
(9) of the skin of the face and forehead. Third, our unpublished observations 
indicate that only a small fraction of the vasomotor discharges to the hand 
measurably affect either the blood flow or the blood content of forearm skin. 

Table 3 illustrates the effects on forearm skin of vasomotor reflexes which 
acted here. These reflexes were elicited by psychic stimuli, application of 
cold to other regions of the body, etc. On comparing these reactions in the 
forearm skin with those in the finger pad, one notes that the change in blood 
flow in the latter is about eight times as great as the control level of flow in the 
forearm skin; the changes in the pad are correspondingly more striking. The 
relative change in flow (comparing constrictions only) was about twice as great 
in the pad as in the forearm (seventy per cent reduction in flow in the pad, thirty 
per cent in the forearm). Although this comparison is not based on records 
fqfean frimiiltanRoiisly from the finger pad and the forearm skin, the implications 
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are clear: vasomotor reflexes to the arteries of the forearm skin not only occur 
less frequently but also they are relatively less effective on flow when they do 
occur than those acting on the Anger pad. 

The changes in the blood content of the forearm skin due to vasomotor reflexes 
contrast sharply with the changes in flow ; the ratio of the change in blood content 
to the change in blood flow is about thirteen times as great as that in the finger 
pad. Simultaneous variations in hand flow are not responsible for these changes 
in the blood content of the forearm skin since blocking the hand flow by an arm- 
cuff at the wrist does not eliminate this difference. It seems reasonable, there- 
fore, to attribute these changes in blood content to changes in the tone of the 
small veins and venules of the skin. 

TABLE 4 


Effects of cold air on fiow~voluine relations in forearm skin 


CONTROL TXOW 

CHANCE IN FLOW 

CHANGE IN VOLUME 

CHANGE IN VOLUME 

CHANGE IN FLOW 

CHANGE IN 
TEMEEEATUIE 

DUEATION 

cc.Jcm^fmin. 

cc./cm.^/min. i 

cc.fcm.^ 


“C. 

seconds 

0.017 

0.010 

0.0050 

0.60 

33 to 2 

300 

0.023 

0.001 

0.0009 

0.90 

31.5 to 8 

40 

0.022 

0.008 

0.0013 

0.16 

30 to 4 

60 

0.018 

0.009 

0.0016 

0.18 

33.4 to 12 

90 

0.027 

0.012 

0.0024 

0.20 

33 to 11 

315 

0.016 

0.004 

0.0016 

0.40 

34.5 to 15 

120 

0.030 

0.006 

0.0016 

0.27 



0.016 

0.001? 

0.0017 

? 

33 to 15 

55 

0.021 

0.006 

0.0020 

0.34 

averages 


All changes were decreases. 


This interpretation is reinforced by the results of an experiment in which a 
blast of cold air was directed against the forearm skin in the vicinity of applica- 
tion of the plethysmograph (table 4). The average change in blood content 
of the forearm skin was three times as great as that occurring during vasomotor 
reflexes (table 3), although the reduction in blood flow was approximately the 
same. Again, blocking of blood flow in the hand by an arm-cuff at the wrist 
did not affect this response to cold. It is also int»eresting to note that the venous 
constriction in forearm skin elicited by cold resulted in changes in blood content 
of the skin as great as those occurring in the finger pad during vasomotor re- 
flexes although the change in flow in the forearm skin was. only four per cent 
of the change occurring in the finger pad during vasomotor reflexes. 

A similar study was made of the effects of blasts of cold air on the flow- volume 
relations in the skin of the forehead (table 5). The reduction in blood content 
was about the same as that in forearm skin but the reduction in blood flow was 
four times as great. Still, the average value of the ratio of change in blood con- 
tent to change in flow is greatly in excess of that which would have been expected 
if tbo flow-volume relation in the forehead were the same as in the finger pad. 
(The absence of arterial vasoconstrictor reflexes in the skin of the forehead 
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does not allow one to test this point.) The application of the cold to the forehead 
elicited a sharp vasoconstrictor reflex in the finger but only a slowly developing 
decrease in flow and blood content in the forehead which roughly paralleled the 
fall in skin temperature. We interpret this to mean that both the arterial and 
venous constrictions in the forehead skin were due to the direct effect of the 
cold on these vessels. 

Discussion. The experimental data reported in this paper have implications 
which are significant for three important relations: 

1. The relation of change in blood content to change in blood flow as a measure 
of active venous participation in cutaneous vascular reactions. When this relation 
does not remain relatively constant but shows large variations in its numerical 
value (this varies in the forearm over a range where the maximum value is ten 
times as great as the minimum — table 3) or where the numerical value of the 

TABLE 5 


Effects of cold air on flow-volume relations in forehead skin 


CONTEOI. FLOW 

CHANGE IN FLOW 

CHANGE IN VOLUME 

CHANGE IN VOLUMF 

CHANGE IN FLOW 

CHANGE IN 
TEMrEEATUEE 

DURATION 

cc.lcm.'^lfnin. 

0.050 

0.047 

0.056 

0.058 

0.118 

0.135 

cc.lcm.^lmin. 

0.012 

0.017 

0.022 

0.005 

0.062 

0.047 

cc./cm.* 

0.00095 

0.00312 

0.00214 

0.00216 

0.00217 

0.00330 

0.079 

0.184 

0.097 

0.432 

0.035 

0.070 

“C. 

31.2 to 12.4 
34 to 0 

35.5 to 6.7 
34.8 to 18.5 

seconds 

30 

330 

270 

120 

0.077 

0.027 

0.00230 

0.148 

averages 


All changes were decreases. 


relation is excessively large (compare the finger pad— table 2— and the forearm - 
table 3), one may infer that changes in venous tone are occurring. This does not 
imply the converse, the absence of changes in venous tone, when the numerical 
value of the above relation remains relatively constant (as in the finger pad- 
table 2) and at the level which is characteristic of the finger pad. The evidence 
is then simply indecisive. This interpretation is in agreement with other ple- 
thysmographic evidence (1) (2). 

It is of interest to compare the photoelectric estimations of changes in the 
blood content of forearm skin (table 3) with those which may be calculated 
from plethysmographic data ( 1 ). The latter indicated a change in forearm 
volume in the range, 0.3-7 .3 cc./liter of forearm, in response to such stimuli 
as pinching and mental arithmetic. Assuming that these changes occurred 
only in the cutaneous vessels and re-calculating the changes in volume in terms 
of the surface area of the skin, the values become 0 . 00054 - 0.0142 cc./cm^ skin. 
(The calculations assume that 13.5 per cent of the forearm volume is skm (1) 
and that each cubic centimeter of skin has an area of about 3.9 cm^/(10).) 
The in blood content of forearm skin reported in tables 3 and 4 are con- 
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siderably less than those calculated from mechanical plethysmc^rams of tie 
forearm. We are inclined to the opinion that the discrepancy in the two groups 
of data arises out of the inclusion of main vessels, particularly the venous drain- 
age, in the forearm plethysmogram and also from the assumption that the changes 
in the latter are to be referred wholly to the skin. 

2. The estimation of the quantity of blood in the minute vessels of th^ sUn, One 
may attempt to approximate the magnitude of the vascular bed in the skin from 
the following calculations: If we assume that the constriction in forearm skin 
to cold is very nearly maximal and that the residual blood content of the skin 
is only a small fraction of the quantity which is normally present, the change in 
blood content of the skin in table 4 approximates the amount of blood which 
is present in the minute vessels of the skin. This quantity is about 20 cc./M* 
of skin . 

That this quantity is reasonably correct may be argued from analogy with 
similar data on the intestinal loop (11). Schleier’s data (table 4 — ^reference 
11) gives a ratio of blood content of the minute vessels (small arteries with a 
radius of 0.25 mm. to small veins with a radius of 0.32 mm.) to blood flow of 
5.33 CC./70 cc./min. or 0.076. Similarly, in the forearm skin, this ratio has the 
numerical value of 0.095 (0.0020/0.021— table 4). We do not know, of course, 
whether we have made strictly comparable calculations in the two series of 
data, but the analogy is striking. 

The implications in these calculations receive some additional support from 
estimates of the blood content of the venules which may be made from the data 
of Wetzel and Zotterman (12). The figures are; 2.5 cc./M^ of forearm skin and 
18.6 cc./M^ of cheek skin. Since the measurements from which these estimates 
are derived were made at room temperatures of 17-21 °C, it is probable that the 
venous vessels were considerably constricted during the observations of Wetzel 
and Zotterman. Correction of these figures by the inclusion of larger vessels 
(following the analogy on the intestinal loop (11)) brings them into better agree- 
ment with the data in this paper but they are still considerably lower. 

It is to be emphasized that the figure for the blood content of the skin as 
calculated above applies only to the minute vessels. Since they would contain 
only 40 cc. of blood in an individual with a surface area of 2M® (assuming an 
average skin flow of 220 cc,/M®— (7)), they cannot be considered as an important 
blood depot. This conclusion does not imply that the currently taught concept 
of the skin as an important blood depot is in error but it does suggest that this 
function is serv^ed principally by the larger vessels. A sinailar conclusion is 
reached from the examination of Schleier^s data on the intestinal loop (11), and 
also from an exploration of the distribution of blood in the vascular system of the 
dog by the method of radioactive isotopes (13) which showed that about seven- 
teen per cent of the total blood is contained within the minute vessels. In 
skeletal muscle, these vessels hold about 0.02 cc./gram of tissue. (No values 
were given for skin but the statement was madrthat ita.blood content was very 
Jow.) Re-expression of the cutaneous values given above yields a unit value 
of 0.008 cc./gram of skin. There can be little doubt therefore that the photo- 
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electric estimation of the blood content of the minute vessels of the skin is ap- 
proximately correct. 

3. The relation of skin color to skin blood flow. The relation of the skin color 
to blood in the subpapillary plexus (12) and the data in this paper indicate that 
the quantity of blood in the skin and the changes in the blood content of the 
skin can be quite disproportionate to the level of blood flow and to the changes 
in flow and are indeed a very unreliable guide to the latter. Several of our un- 
published experiences with the effects of hemorrhage on the skin circulation 
in man emphasize this point; during the so-called “reaction’^ which is exhibited 
by a small fraction of blood donors and which is characterized by a fall in blood 
pressure, peripheral dilatation and symptoms of cerebral hypoxia, we have seen 
an increase in cutaneous blood flow and pallor develop simultaneously. The 
simultaneous pallor must then represent an increase in venous tone. Similar 
divergence of skin blood content from skin blood flow is illustrated in the en- 
gorgement of the skin without an increase in flow in some subjects to whom 
estrogen has been administered (13). 

SUMMARY 

1. The estimation of the blood content and the blood flow in the skin by use 
of the photoelectric plethysmograph is described and analyzed. 

2. It is demonstrated that during spontaneous or induced constrictions in 
the finger pad, blood content and blood flow varv^ in the same direction and in 
an approximately linear fashion. Calculations show that a change in rate of 
flow of 0.10 cc./cm.Vniin. is accompanied by a corresponding change in blood 
content of 0.0012 cc./cm.^ of skin. Evidence is presented to demonstrate that 
the relative value of the ratio of volume change to flow change may be employed 
to study the possibility of changes in venous tone occurring during vascular 
reactions. That is, large deviations in the value of this ratio from the mean 
would imply large or disproportionate changes in tone of the small veins. 

3. Vasomotor reflexes in forearm skin are relatively less effective on flow 
than those occurring in the finger pad. The ratio of change in blood content 
to change in blood flow is about thirteen times as great as in the finger pad. 
It is suggested that these changes in blood content are due to changes in tone 
of small veins and venules in the skin. 

4. Studies on forehead skin show a ratio which is greatly in excess of that 
demonstrated in the finger pad. Absence of arterial vasoconstrictor reflexes 
in the forehead skin suggest that constrictions occurring in this region (as a 
result of exposure to low temperatures) are due to direct effects of the cold on 
the small arteries and veins (arterioles and venules). 

5. The estimation of the quantity of blood in the minute vessels of the skin 
is discussed. Calculations from data presented show that the total quantity 
of blood normally present in these vessels is relatively small. 

6. The unreliability of dependence upon the intensity of skin color as deter- 
mined by blood content of^ the subpapillary venous plexus in the estimation 
of the sWn flow is discussed. 
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Decompression sickness, which is sometimes seen after rapid ascent from deep 
sea diving or after ascent from sea level to high altitudes, may become manifest 
in a variety of symptom complexes. Bends, the most common form of these 
disturbances, is characterized by pain referred to the bones, joints and muscles 
of the extremities. The pain may be mild and even disappear while the subject 
remains at reduced pressure. Frequently, however, the pain is progressive, 
leading in time to severe distress and eventuating in collapse. In these latter 
cases bends can become a serious hazard in flights at high altitudes. 

Disturbances which are induced less frequently by reduced barometric pres- 
sure include rashes, chokes, headaches, vomiting, scotomata, and paresthesias 
and paralyses which may involve any portion of the body. Except lor chokes, 
these are relatively rare. The term, chokes, aptly describes the rapiddevelop- 
ment of inspiratory dyspnea, tachypnea, and a choking sensation which quickly 
leads to a subjective feeling of impending disaster. 

On recompression, the variegated symptoms of decompression sickness usually 
disappear quickly during or shortly after rccompression is accomplished. Mus- 
cle soreness and mild joint pain may remain as a residue from an expeneiuie ot 
bends Chokes is frequently followed by episodes of non-productive coughing 
which give way within an hour to a severe generalized throbbing headache, and 
this may persist for many hours. Symptoms which indicate neurological in- 
volvements such as scotomata and paralyses may sometimes be progressive, 
leading to a shock-like condition which has culminated m several instances in 
d©flitb 

The ever-increasing air traffic at altitudes at which decompression sickness 
may occur, and the possibility that these symptoms may become much more 
common after the war, have indicated the need for further investigations into 
the nature of decompression sickness. An opportunity for such studies w-as 
utilized during routine training of Army Air Force aircrew members who, for 
purposes of selection and training, participated in simulated flights in the 

decompression chamber. e r j 

About twenty per cent of these subjects experienced some form of decompres- 
Sion sickness. Statistical analyses of the experiences of some altitude ch^bers 
which indicate the relationship of age, weight, height, time of day, and other 
factors have already been published (1, 2, 3). Some cases of clinical interest 

have also been reported (4, 5, 6). u • r 

In the present study it was felt that some insight into the mechanism of 

> Captain, A.C., A.U.S., Aviation Physiolopst with the Army Air Forces Altitude Tram- 
ing Program. 
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decompression sickness might be obtained by re-exposing personnel to a second 
flight shortly after recovery from decompression sickness. In this way it was 
hoped that data might be obtained concerning the effect of several factors upon 
the likelihood of recurrence of decompression sickness on the second flight. 

Studies were conducted on flying personnel and on some members of the 
regular Altitude Training Unit crew in the decompression chamber at Davis 
Monthan Field, Tucson, Arizona (altitude 2500 ft.) in May and June of 1943. 
The usual flight began with a trial ascent to 5000 feet and return to ground level. 
The chamber then ascended at about 3000 feet per minute to 20,000 feet and all 
passengers were subjected to an anoxia test. This test was performed by dis- 
connecting each passenger from the oxygen supply for 5 to 10 minutes, so that 
each one might personally experience mild anoxia. The chamber then ascended 
to 38,000 feet (155 mm. Hg) and remained at this altitude for periods up to two 
hours. Passengers reporting the development of bends or other symptoms of 
decompression sickness were, after variable periods of time, removed from the 
chamber to the lock and returned to ground level barometric pressure. After 
a rest period at gi*ound level, some of these latter subjects were returned to the 
test altitude of 38,000 feet to determine whether symptoms of decompression 
sickness would quickly recur. 

Only those subjects who appeared to have recovered completely from the ef- 
fect of the first flight were reflighted. On the reflight the subjects remained at 
38,000 feet for five minutes. It was sometimes necessary because of the develop- 
ment of severe pain to lower the chamber before the five minute period had 
elapsed. 

During each flight, records were made of the rate of ascent, time at altitude 
before onset of symptoms, and the altitude at which pain disappeared during 
descent. Time of onset of bends is the period spent at 38,000 feet before the 
subject first noted the pain. Duration of the pain was taken as the time from 
the onset of the condition until the chamber began the descent from 38,000 
feet. Usually the pain lasted for a short while longer until the chamber reached 
30 to 20 thousand feet. In a like manner, rest period was calculated as the 
time period beginning with the moment the chamber left 38,000 feet on the 
descent, until ^ i^bject was returned to 38,000 feet. 

The term, r^rrcnce, is used to indicate that the pain reappeared in the same 
anatomical site which had been involved on the original flight in the first five 
minutes at 38,000 feet on the reflight. Time of recurrence is given as the time 
of appearance of symptoms on the reflight. 

Results. One hundred and fifty-three subjects who had experienced one 
or more symptoms of decompression sickness on the regular training flight 
participated in a second flight within 30 hours. Of these, 149 had bends on the 
first flight, 17 had chokes, 2 had rashes, 4 had visual disturbances, 2 reported 
headaches, 3 liad profuse sweating, 3 had faintness, and 2 had nausea. Analyses 
of these symptoms with reference to the several variables mentioned are given 
below. 

I. Effect of the duration of the rest period. Bends recurred in an anatomical 
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site involved in the first flight in 63 of 149 subjects taking the reflight. Study 
of the data indicated that the duration of the rest period was the most signifi- 
cant factor in the probability of recurrence on the reflight (table 1). Thus all 
five cases with rest periods up to 20 minutes (time for descent and immediate 
re-ascent) had recurrences on the reflight. With rest periods rangmg from 21 
to 180 minutes, bends recurred in approximately half of the 117 subjects teste . 
No subject with a rest period longer than 180 minutes had a recurrence of bends 

during the five minutes of the reflight. 

2. Compcmson of the times of onset of bends. In the 63 subjects with recurrence 
of behds, the time of onset of bends on the first flight was compared with the 
time of onset on the reflight. The average time of onset on the first flight 
was 28 minutes, ranging from 0 to 83 minutes, while the time for recurrence in 
the same subjects averaged 2 minutes on the reflight. Comparison of the two 
groups is given in table 2. 


EEST PERIOD 


mimtUs 

0-20 

21-40 

41-00 

61-80 

81-120 

121-180 

181-300 

301-1800 


Totals 


TABLE 1 


Effect of the real period on recurrence of henda 


TOTAL CASES 

eecoeeemces 

5 

number 

5 

23 

11 

29 

15 

24 

12 

28 

15 

13 

5 

4 

0 

23 

0 

149 

63 


SECT7EESNCES 


% 

100 

48 

52 

50 

54 

46 

0 

0 


The striking difference between the time of onset of bends in the two flights 
indicates that the experience of bends on the first flight predisposes the subject 
to early onset on an immediately succeeding (within 180 min.) flight. 

3. Effect of the. rest period upon the time of recurrence of bends. The duration 
of the rest period had a highly significant influence not only upon the likelihood 
of recurrence of bends, but it also appeared to affect the time of return of bends 
on the reflight. This is sho\vn in the direct correlation between the duration 
of the rest period and the average time of recurrence in each group (table 3). 

This relationship is also evident when it is seen that in subjects with shorter 
rest periods, bends tended to recur more frequently during re-ascent, before the 
chamber had reached the test altitude of 38,000 feet during the reflight. Four- 
teen cases with recurrence of bends during the re-ascent are also analyzed with 
reference to the rest period in table 3. It is evident that short rest periods 
predispose to an almost explosive recurrence of symptoms during the re-ascent. 

4. Bends duration and time of recurremx. The rapid recurrence of bends dur- 
ing the reflight was related not only to the duration of the rest penod, but was 
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also correlated with the duration of bends during the first flight. This is shown 
by the fact that the average time before recurrence on the reflight is less in 
those subjects with longer durations of. bends. This relationship can also be 
seen in the analysis of data obtained from the 14 subjects in whom bends recurred 
during the ascent on the reflight, before the altitude chamber reached 38,000 


TABLE 2 

Time of onset of bends 


TIMS Of ONSET 

rntST FLIGHT 

SECOND FLIGHT 

minutes 

subjects 

subjects 

0* 

6 

14 

1 

3 

9 

2 

0 

16 

3 

0 

10 

4 

0 

6 

6 

3 

8 

6-10 

8 

— 

11-26 

11 


26-60 

25 

— 

61-75 

6 

— 

76-83 

2 

— 

Totals 

63 

63 


* Indicates onset during ascent, before chamber reached 38,000 feet. 


TABLE 3 

Relationship between rest period and rapid recurrence 


EEST FEEIOD 

CASES WITH 
EECUEKENCE 

AVERAGE TIME OF 
RECURRENCE 

SUBJECTS WITH 
RECURRENCES 
DURING REASCENT 

RECURRENCES 
DURING REASCENT IN 
EACH GROUP 

minutes 


minutes 


% 

0-20 

6 

1.0 

3 

60 

21-40 

11 

1.6 

4 

36 

41-60 

15 

1.8 

6 

33 

61-120 

27 

2.6 

2 

8 

121-180 

6 

2.4 

0 

0 

Totals 

63 


14 



feet. Thus, only 3 out of 30 subjects with bends for 8 minutes or less had a 
recurrence during the re-ascent, while 11 of 33 mth bends for more than 9 minutes 
had a recurrence during re-ascent. 

These results clearly indicate that subjects with long durations of bends are 
more likely to have recurrences during re-ascent, or immediately after reaching 
38,000 feet, than those with shorter durations oLbends (table 4). 

5. Grade of pain of bends. The pain experienced in bends ranged from a 
sharp, throbbing, highly localized pain to a dull aching generalized pain affect- 
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ing a region or an entire limb. Each subject was asked to identify the severity 
of pain according to the following classification: 

Grade 1. Mild transitory pain 

Grade 2. Persisting mild or moderate pain 

Grade 3. Severe pain which did not permit concentration on any task 
Grade 4. Excruciating pain demanding immediate descent. 

Grade 4 pain was usually associated with general symptoms such as profuse 
sweating, faintness or nausea. Pain which passed through more than one grade 
was recorded at its most severe grade. Thus mild pain which persisted for 30 


TABLE 4 

Effect of duration of bends on ike time of recurrence 


DTJKATIOM or BENDS 

SUBJECTS WITH 
becubbence 

AVXBAGE TIME OF 
BECUBBENCE 

SUBJECTS WITH 
becubbence 

OUBING BE-ASCENT 

minutes 


minutes 


1-3 

13 

2.7 

1 

4-8 

17 

2.5 

2 

9-25 

20 

1.6 

8 

26-50 

10 

1.6 

3 

n 

50-100 

3 

1.0 

u 

Totals 

63 


14 


TABLE 5 

Grade of bends and likelihood of recurrence 


GBADE OF BENDS 

FIB ST FLIGHT 

NUMBEB OF SUBJECTS IN 
EACH GBOUP 

NUMBEB WITH 

becubbence 

NUMBEB WITH SAME GBADE 

OF BENDS ON BOTH FLIGHTS 

1 

10 

1 

1 

2 

42 

21 

13 

3 

60 

35 

15 

4 

14 

6 

3 

Totals 

126 

63 

32 


minutes and which became excruciating in character just before descent, was 

recorded as grade 4 pain, duration 30 minutes. i • v 

All cases ivith rest periods up to 300 minutes were analysed to determine i 
there might be a relationship between the intensity ol pain on the first flight, an 
the likelihood of recurrence on the reflight. It was seen that while grade 1 bends 
recurred in only one of ten subjects, the other three grades of bends recurred in 
approximately half of the subjects. It was also noted that when bends did recur, 
about half of the subjects reported that the pain was approximately of similar 
grade in both flights. Data are given in table 5. 

6 Occurrence of new bends during refligM- Oi the 140 subjects with bends 
during the firet flight, 11 (7 per cent) reported the occurrence of bends dunng the 
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five minutes of the reflight in an anatomical site not involved during the first 
flight (new bends). These data are presented in table 6. 

These results do not indicate any difference between the two groups. It is 
obvious that on occasion new bend!s may occur during the reflight in a new ana- 
tomical site, and this occurrence need not necessarily be related to the recurrence 
of bends in other sites. 

7. Chokes. Symptoms of chokes tended not to recur on the reflight. Thus, 
of 17 cases which were reflighted, one reported a recurrence of symptoms. Bends 
were also reported by 13 of these subjects, and of these, bends recurred in 8 
(table 7). 


TABLE 6 


Occurrence of new bends on the reflight 



TOTAX. KO. SUBJECTS 

wo. WITH NEW BENDS 

NEW BENDS 




% 

Subjects with no recurrence 

86 

7 

8 

Subjects with recurrence 

63 

4 

6 

Totals 

149 

11 



TABLE 7 


Comparison of recurrence of bends and chokes 


BEST PEEIOD 

NUMBEl OF subjects 

subjects with 

EECUEEENCE 

OF CHOKES 

SUBJECTS WHO ALSO 
HAD BENDS 

SUBJECTS IN WBOH 
BENDS KECUEKED 

minutes 

0-20 

4 

0 

3 

3 

21-80 

11 

1 

8 

5 

81-300 

2 

0 



2 

0 

Totals 

17 

1 

13 

8 


8. Recurrence of symptoms other than bends or chokes. The relati\'e rarity of 
s5rmptoms of decompression sickness other than bends and chokes made it dif- 
ficult to establisli whether or not there was a tendency for these symptoms to 
recur. Results on Ihe few subjects that were tested are given below. 

Both subjects .with rash wdio w*ere studied had a recurrence of the rash on the 
reflight. 

Blurring of vision with scintillating scotomata may occur not only while the 
subject is at high altitudes, but may ensue during descent or shortly after reaching 
ground level (5). These visual disturbances usually regress rapidly, and disap- 
pear completely within an hour or two. Four subjects who had experienced 
blurring of Vision on the first flight were returned Jo 38,000 feet alter 62, 68, 113 
and 118 minutes of rest, respectively. In none of these Was there a recurrence 
of the visual disturbance. 
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A moderate or severe headache frequently follows the visual disturbance. 
In two cases the headache persisted during the rest period, and appealed to be 
aggravated during the refiight. 

Other symptoms such as profuse sweating, faintness or nausea did not recur 
in 5 subjects. 

Discussion. Decompression sickness is now generally believed to be due to 
the formation and persistence of bubbles in sensitive repons (7). It has been 
suggested that these bubbles are present in the tendon sheath, and that they 
produce symptoms by stretching and tearing (8). Inspection of our data leads 
to the conclusion that most of the phenomena describ^ can be easily explained 
in physiological terms and through the use of the physical laws pertaining to the 

behavior of gases. , ^ 

The gases dissolved in the tissues are normally in equilibrium with the gases 
in the pulmonary alveoli, except that because of metabolic activity the tissue 
oxygen tension is lower than that in the alveoli and the arterial blood; and the 
tissue carbon dioxide tension is somewhat higher than that of the venous blood 
and the alveoli . Thus the tissue oxygen tension would be less than 100 mm. Hg, 
and the tissue carbon dioxide tension would be somewhat more than 40 mm. Hg. 
The tissue nitrogen tension is in equilibrium with the alveolar nitrogen ten- 
sion, being approximately 580 mm. Hg at ground level. 

On decompression to 30,000 feet or above, where the total barometric pressure 
is approximately 200 mm. Hg or less, the nitrogen in the tissues becomes super- 
saturated, and the gradient is such that the nitrogen passes from the tissues 
where the nitrogen tension is high, via the blood stream , to the alveoli where the 
nitrogen tension is low. If this transport is inadequate, as in regions with poor 
circulation, the nitrogen will tend to come out of solution and form bubbles. 
The phenomenon of Reynold’s cavitation, which occurs with sudden pressure 
changes, as may occur during muscular contraction, may contribute to the proc- 
ess of bubble formation (9). 

After formation during or after ascent on the first flight, such bubbles would 
continue to grow at high altitudes as long as the partial pressure of the nitropn 
in the tissues was greater than that in the adjacent bubbles. Recompression 
would decrease the size of the bubbles, and increase the tendency for the gaseous 
constituents to return to solution. With short rest periods, such a bubble would 
not have time to be completely re-dissolved, and with re-ascent it would expand 
quickly with the falling pressure and cause an almost immediate recurrence of 
the symptoms of bends. However, if sufficient time was allowed before re- 
ascent, and this is of the order of 3 hours according to our results, the bubble 
would be dissipated completely, and the process of formation and growth of the 
bubble must begin anew. 

The recurrence of bends in the same anatomical site after short rest peiiods 
suggests that if bubbles are present in such subjects, they must be in sites from 
which they cannot migrate, such as in the extravascular tissues. 

If bubbles w'ere intravascular and producing symptoms of bends as a result of 
their embolus-like action, they would shrink with increased barometric pressure 
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on descent, and thus might be freed to pass on to the lungs and occasionally pro- 
duce symptoms of paradoxical chokes or neurological disturbances (5). On re- 
ascent, such bends would not be expected to occur in the previously affected site 
if all the bubbles in sensitive locations were washed away. The results reported 
in this study could thus be interpreted as showing that approximately half of 
those subjects with bends had the bends-producing bubbles in the extravascular 
tissues. The remaining half of the subjects had bends due to bubbles within the 
vascular system, since with rest periods between 21 and 180 minutes, half of the 
subjects had recurrences and the remainder did not. 

Our results showing that the time at altitude on the reflight before recurrence 
of bends is shoi*tened in subjects with long durations of bends on the first flight, 
can be interpreted to indicate that after bubbles form and cause bends, they will 
continue to grow in size as long as the partial pressure of the nitrogen in the 
tissues is greater than the partial pressure of the nitrogen in the adjacent bubble. 
If the bubble at the end of the first flight is large, it is to be expected that a larger 
residue would remain, all other conditions being equal, when the subject returns 
to high altitude. Therefore, symptoms of bends would be expected to recur more 
rapidly in subjects with longer duration of bends on the first flight. 

The failure, except in 1 out of 10 cases, of mild transient bends to recur is 
easily explained by the assumption that the original bubble was either small and 
therefore quickly dissipated, or that it was in a relatively insensitive site. If the 
original bubble were small, it would be expected that the residue would also be 
minimal. 

The more severe grades of bends, 2, 3 and 4, all behaved similarly in that .ap- 
proximately 50 per cent of the subjects in each group reported recurrences. This 
incidence of recurrence cannot be explained on the basis of bubble size since it 
would be expected that the more severe bends would be related to larger bubbles. 
In such an event, it would be expected that a greater incidence of recurrence 
would occur with grades 3 and 4 than in 2. It is apparently necessary to inter- 
pret these findings by suggesting that the degree of pain is due more to the sensi- 
tivity of the site affected, than to the volume of the causative agent, the bubble. 
This is in accord with the work of Ivy and his associates (10) who showed that 
bubbles and pockets of gas may exist in the tissues without reference to the pres- 
ence or grade of pain referred to the site. 

This latter point is supported by the fact that the grade of pain on the second 
flight was usually similar in character to that experienced in the first flight. This 
would suggest that the bubbles causing the pain remained in the same site during 
the descent and rest period, and on expansion with re-ascent they stimulated 
essentially the same pain receptors which were involved in the fiist flight. 

The incidence of the occurrence of bends on the reflight in anatomical sites not 
involved during the first flight is of the order of occurrence of bends during the 
first flight. It is likely that the mechanism responsible for these bends is identical 
with that involved in the formation and growth^of bubbles and the production 
of bends in the first flight. It is even possible that a small proportion of the 
oases included in the recurrence data might also be due to new bubble formation 
rather than to the expansion of previously formed bubbles. 
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Several factors which were analyzed appeared to have no clear relationship to 
the likelihood of recurrence of bends. These included the rate ot ascent, time 
of onset of bends on the first flight, anatomical site or the number of sites in- 
volved, and the altitude of disappearance of pain dunng descent. 

The failure of chokes to recur suggests that the bubbles which might be respon- 
sible for this condition are probably intravascular. On recompression, their re- 
duced size would permit them to move to other locations in the vascular system 
to produce paradoxical chokes (6), or perhaps their gaseous constituents might 
be lost in the alveolar spaces. If these bubbles were capable of passing through 
the pulmonary blood vessels, they could go on to produce systemic disturbances 
such as are occasionally seen to occur during or after the return to ground level. 
Thus, if these bubbles lodged in the central nervmus system, they could easily 
produce scintillating scotomata, vomiting, collapse, and other disturbances de- 
pending upon the neurological site involved (5). 

SUMMARY 

1 Pas.sengers in the low pressure chamber who experienced symptoms of de- 
compression sickness were, after variable periods of rest at ground level, returned 
to 38,000 feet simulated altitude to determine the likelihood ol immediate recur- 

rence of symptoms. . ^ , 

2. When the subject was permitted to remain for 180 minutes or more at 

ground level between flights, symptoms did not recur. With shorter test perio s, 
half the subjects with bends had a recurrence of this condition within the hrst o 

minutes at altitude. ^ i i c 

3. When the duration of bends on the first flight was increased, the time 

recurrence on the reflight was lessened. . i ^ 

4. Mild transient bends tended not to recur. The more severe grades of bends 

recurred in half the subjects tested. r i a 

5 Chokes tended not to recur, even in subjects with recurrence of bends, 
e’ The phenomena observed are discussed in terms of the concept that decom- 
pression sickness is due to the presence of bubbles in the tissues and blood vessels. 
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Until recently, the duration of voluntary apnea had been recorded in a variety 
of situations such as mountain climbing expeditions (1, 2), in certain diseases, 
particularly those of the pulmonary and cardiovascular systems (3), in evaluating 
physical fitness and anxiety states (4), and for instructional purposes (5). The 
second World War renewed interest in breath-holding and it was again tested 
for its utility in the evaluation of physical stamina (6), in the study of the effects 
of high altitude in the decompression chamber (7, 8, 9) and in testing for neuro- 
circulatory asthenia (10, 11). 

The second World War renewed interest in breath-holding since it appeared to 
have sur\dval value, in emergency situations in wliich oxygen tensions in the 
inspired air is low, or in the presence of fire or noxious gases. The studies out- 
lined in this paper were directed at an evaluation of the utility of breath-holding 
in escape from aircraft at high altitudes. In order to analyze factors which might 
affect the time of the hold, we determined the effects of altitude, of certain oxygen 
tensions, of hyperventilation and of a short burst of work equivalent to an 
attempt to leave an airplane in flight. 

Methods. Fifteen hundred and eighty-one determinations of breath-holding 
time were made on 80 volunteers at the Altitude Training Unit, Kingman Army 
Air Field, Arizona (altitude 3400 ft.), and at the Aero Medical Laboratory, 
Wright Field, Dayton, Ohio (altitude 500 ft.) during Xovember- December 
1944. The subjects were told to take a single deep inspiration and to hold it as 
long as possible, but to exhale before extreme pain and discomfort occurred. 
When the subjects first attempted to hold the breath, unfamiliarity with th(' 
maneuver caused them to terminate the test after about 30 seconds. Confidence 
developed after a few trials, and the subjects became remarkably consistent in 
successive measurements. an early series of 341 consecutive deteiminations 
while the subjects wei?p at rest at ground level breathing air, the average hold was 
70 seconds, ranging from 34 to 125 seconds. Since the responses to various 
procedures were proportional to the hold at rest while at ground level and 
breathing air, our results are expressed as percentages of this average hold of 
70 seconds. 

Results. 1. The vQ,riabiliiy of the hreoth-holding time. The apparent great 
variability of the breath-holding time seen from subject to subject, and even 
in the s^e subject at various times has unquestionably deterred many workers 
from using this techmque for the study of problems in respiration, work, fatigue 
and the like. Analysis of our data indicated that t he hold is quite constant when 
only a few minutes intervenes between readings. ^There may be shifts of the 

^Formerly with the Altitude Training Program, Army Air Forces. 
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base line. Usually an increase in breath-holding time occurs with repetition of 
the test. Nevertheless, randomization of the control readings makes it clear 
that useful data may be obtained. This is illustrated in the results of a typical 
experiment on a volunteer lying at rest oh a cot at ground level, breathing air 

(table 1). , . . j xu • 

By taking 2 deep breaths and holding the second, 5 subjects increased their 

breath-holding time an average of 16 per cent. This was increased but slightly 
by taking three deep breaths and holding the third, or taking 5 deep breaths and 
holding the fifth. After hyperventilating at ground level for 30 seconds the hold 
was increased 45 per cent. 

In 28 resting subjects who took either a single deep breath of oxygen, or 
breathed oxygen for one or two minutes, the breath-holding time was increased 
an average of 80 per cent over the control values. 


TABLE 1 


— — — 


hyperventilated for 30 SECONDS WHILE 

TUCE T.U. 

CONTROL HOLD 

breathing air, hold 

breathing oxygen, hold 


seconds 

seconds 

seconds 

2:30 

53 



2:33 

59 



2:37 

63 



2:42 

2:49 


88 

127 

2:55 

58 


142 

3:01 



3:09 


93 


3:14 

64 



3:20 

3:27 


97 

160 

3:32 

77 



Average 

62 

93 
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2. The effect of altitude. The hold decreased progressively ydth increasing 
altitude when the subject breathed ambient air (fig. 1). 

The breath-holding time increased above normal when the subject breathed 
pure oxygen at altitudes below 25,000 feet; above that altitude the hold was 
less than normal and decreased progressively with decrease in atmospheric pres- 
sure (fig 1)* 

The demand oxygen regulator (type A-14) used by the Army Air Forces was 
HgaignoH to deliver a mixture of oxygen and air calculated to maintain the normal 
ground level alveolar oxygen tension. When the regulator delivered this 
tore, no significant change in the hold was noted until altitudes above ^,000 
feet were reached. Above that altitude, the breath-holding tune decreased with 

decreasing barometric pressure (fig. 1). . . 

3. The effect of exercise. The effect on the hold of the moderate exercise in- 





volved in 10 deep knee bends peifonned in 15 seconds was detennined at several 
altitudes in 105 trials. ,'^ The subj^ts took 10 deep knee bends, sat down, took 
a deep breath and held it as long as possible. Thisexerdae wasfound to beequiv- 
alent to Uie perfonnance on the bicycle eigcHneter of about 2250 foot pounds of 
work in 15 seconds. 

The average breath-holding time after 10 knee bends was found to be about 
30 seconds (40 per cent of ccmtrol) at altitudes above 10,000 feet and did not 
appear to change dgnificantly with greater altitudes up to 28,000 feet. Above 
28,000 feet the breath-holding time after exercise appeared to be further redu<»d 



Fig. 1. Effect of altitude on breath-holding time. Upper curve : obtained with subjects 
breathing pure oxygen prior to hold. Middle curve: obtained with subjects breathing 
“Mltomixed” air and pgyjen from a demand regulator (type A-14) as described in the text. 
Lower curve: obtained rrith subjects breathing ambient rir. Each point represents an 
average of at least 7 determinations* 


There was no ^gmficant difference between the group breathing pure, oxygen 
during the eirercise ani the group using the oxygen-air mixture furnished by 
the regulatof (fig. 2). 

Short bursts of work lasting 15 seconds on the bicycte eigrameter in 66 tests on 
4 subjects at ground level shotved clearly that the breath-holding time is reduced 
in proporti^ to the degree of exertion (fig, 3). After exereiae, recovery of the 
r^tmg ability to hold the breath begins at <nn;e on reettinptiini of respratioa 
aid' l^}peare to be conqilete within 5 minutes. ' • 

of 10 knee bends in 15 seccmds caused a doubling in nunute 
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respiratory volume when no attempt was made to hold the breath in 10 subjects. 
The debit in respiratory ventilation volume resulting from breath-holding was 
quickly repaid by spontaneous hyperventilation occurring immediately after 
resumption of breathing. Most of the debit was repaid within the first minute 
after respiration was resumed. Substitution of 100 per cent oxygen for air did 
not affect the rate or degree of this recovery. 


MEATH HOLDING 
TIME 
SECONDS 


% OF CONTROL 
(OROUNO level, AIR) 



ALTITUDE IN THOUSANDS OF FEET 


AUTOMIX 


• OH 1*10 MHO OXrOiH! 

• OOHt oxrotH 


Fig. 2. The effect of 10 knee bends on breath-holding at altitudes up to 38,000 feet. Up- 
per curve : this is the middle curve of figure 1 , used as a line of reference. Solid line : breath- 
holding time at various altitudes while breathing oxygen-air mixture as described in text. 
Solid circles are individual determinations. Double line: average breath-holding times 
obtained when the subject breathed pure oxygen. Open circles are individual determina- 
tions. 


4. Escape from ^^spmning aircrafV\ Six subjects were tested for breath-hold- 
ing ability in Hi trials while attempting to crawl through a hatch against the 
increased force of gravity, induced in the spinning centrifuge. They wore sum- 
mer or winter flying clothes with a back-pack parachute weighing about 20 
pounds. With 1.6 to 2.4 g (resultant between the lateral force induced by the 
spinning centrifuge and that of the downward pull of gravity) they were able 
to leave the hatch in 15 to 25 seconds. Breath-holding was begun at the begin- 
ning of the attempt to escape, and the hold under these conditions was found to 
be 18 to 28 seconds, averaging 23 seconds. The time to get through the hatch 
averaged 17 seconds. Thus the average breath-holding time after leaving the 
'^aircraft’^ was 6 seconds. 
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5. The effect on the oxygen saturation of the blood. An indirect meiisure of 
oxygen saturation of the blood while holding the breath at several altitudes was 
obtained by means of the Millikan oximeter (12) . The recording unit was placed 
on the ear and calibrated at 96 per cent when the subject breathed air at ground 
level. At 5, 10 and 15 thousand feet, the oximeter reading indicated a slight 
increase in oxygen saturation within a few seconds after the hold was commenced. 
As the hold continued the reading declined progressively until breathing was 
again resumed. Within a few seconds after respiration had begun again the 
oximeter reading fell sharply, and then began to return to the control reading, 
reaching this value in 20 to 30 seconds. Average data are indicated in table 2. 



FOOT FOMNM Of WOFK ACCOMFLIOHCOIN 19 SECONDS (SICYOLE EROOMETEK ) 


Fig. 3. Effect of a sudden buret (16 sec.) of pedaling on the bicycle ergometer on the 
ability to hold the breath immediately after exercise. Eagh point is an average of at least 
7 determinations. 

When breathing 1(X) per cent oxygen at ground level no change in the oximeter 
reading was ob^rved in four tests even though the subject held his breath for 
140 to 160 seconds. At 15,000 feet there was a fall of only 2. points in subjects 
breathing 100 per cent Oa and holding the breath for 130 seconds. 

The results suggest that at the onset of breath-holding, the increased intfa- 
thoracic pressure resulting from the Valsalva maneuver increases the effective 
pressure in the lungs and thus causes a greater oxygenation of the blood. Con- 
versely, at the end of the hold, the sudden release^ intrathpracid pressure results 
in a similar fashion in a decreased oxygen tension of the blood. Such a mech- 
anism would tend to raise the blood oxygen saturation somewhat during breath- 
holding. The increasing tonus of the diaphram and the thoracic wall during 
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breath-holding probably plays a large part in the production of the discomfort 
which finally causes an end of the hold. 

In 10 tests, exercise (10 knee bends) had little or no effect on the oxygen satura- 
tion readings during the subsequent breath-holding period. On resumption of 
breathing a transient sharp fall of 8 to 10 points in the oximeter reading was 
usually observed. No difference was seen in the groups breathing air or oxygen. 

Discussion. The effect of hyperventilation with air in increasing the hold 
probably may be due to the loss of blood carbon dioxide. The increase in the 
hold when the subjects were breathing pure oxygen can be ascribed only to the 
increase in oxygen tension in the alveoli and the blood. The fact that breathing 
of pure oxygen for 2 minutes was not of much more value than a single deep 
breath of oxygen re-emphasizes the fact that the ability of the body to store 
oxygen in the tissues is severely limited. This is also in accord with the findings 
of Ferris and his associates (13) that breath-holding time varies directly with the 
oxygen content of the blood, and that under conditions of rest, the factor pre- 


TABLE 2 

Oximeter readings during breath-holding at various altitudes 


READINGS AT 10 SECOND INTERVALS DURING BREATH-HOLDING 


NO. 

TRI- 

ALS 

ALTI- 

TUDE 


Mini-' 

mai 

read- 

ing 

1 Seconds 


Con- 

trol 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

no 

120 

10 

I 

20 

30 


Jett 


















6 

500 

96 

97 

96 

96 

96 

95 

93 

90 

88 

86 

81 

77 

73 

71 

85 

92 

93 

4 

5,000 

96 

98 

98 

98 

96 

96 

92 

84 

85 

82 

79 



76 

90 

96 


5 

10,000 

92 

93 

93 

92 

89 

84 

81 

77 






72 

84 

93 


2 

15,000 

87 

89 

89 

84 

79 

74 

71 







66 

75 

84 



AFTER RESUMPTION 
OF BREATHING 


cipitating the breaking point is dependent on O 2 lack. Hyperventilation while 
breatliing pure oxygen combines the individual beneficial effects of increased 
oxygen tension and of lowered alveolar carbon dioxide tension. Our results 
suggest that under conditions of exercise, CO 2 excess precipitates the end of the 
breath-holding maneuver. 

The reduction in breath -holding time seen with decreased atmospheric pressure 
when the subjects breathe ambient air is remarkably similar to the percentage 
reduction in the calculated oxygen tension of the alveoli. This effect is not 
appreciably disturbed by preliminary spontaneous hyperventilation and the 
associated loss of carbon dioxide. This is in accord with the observations of 
Flack (4), Schneider (5) and Ferris (8, 13). With prolonged exposure to high 
altitude changes are seen in the breath-holding time as a result of changes in the 
acid-base balance (1). 

It was of interest to note that the breath-holding time furnished a "‘bioassay^' 
of the air-oxygen mixing regulators produced for the Army Air Forces designed to 
maintain the alveolar oxygen at that obtaining at ground level. However, 
while the regulator is calculated to deliver such a mixture up to 33,000 feet, the 
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breath-holding time was reduced at altitudes above 23,000 feet. This reduction 
could not be attributed to leakage around the oxygen mask, since the fit of the 
masks was carefully checked. This unexpected reduction of the l)reath-holding 
time between 23 and 33 thousand feet deserves further investigation. 

The utility of the breath-holding time as a practical measure for use in escape 
at high altitude is obviously limited, as indicated in our centrifuge experiments. 
Such a maneuver would preserve the oxygen already present in the lungs during 
a free fall through the higher reaches of the atmosphere where serious anoxia 
might occur. However, it is apparent that the work attendant upon escaping 
from an airplane when dressed in heavy flying clothing, as well as the reduction 
brought on by the anxiety and excitement of the situation, would seriously limit 
the utility of the breath-holding maneuver. The ready availability of a supple- 
mentary oxygen supply is indicated. 

It is apparent that the study of the breath-holding time furnishes a very useful 
technique for the study of the respiratory mechanism in normal man and under 
various conditions of physiological stress. 

SUMMARY 

1. Breath-holding time is increased by breathing oxygen, and after hyper- 
ventilation. It is decreased by reduced alveolar oxygen tension and by short 
bursts of exericse. 

2. The usefulness of the breath-holding time in the study of practical and 
theoretical problems involving the function of the respiratory mechanism is 
discussed. 
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It has been shown by Bernthal and Schwind (1) tliat there is a reflex vaso- 
constriction in the intestine in response to excitation of carotid and aortic cheino- 
receptors. These investigators used basically different procedures to elicit 
cbernoreflex reactions. Chemical changes were brought about first l)y changing 
th(‘ coinf)osition of the inspired air, and second by the intravenous injection of 
cluanical agents. In l>oth instances a distinct constriction was produced in the 
intestinal vasculature. The \'essels of the intestine behaved in the same manner 
as those of the spleen, submaxillary gland and the limb. These authors pointed 
out that this common response would be expected on the basis that carotid 
and aortic^ chemoreceptor stimulation initiates generalized excitaticai of thora- 
columbar vasomotor efferents. 

In view of the possible relation between vasoconstriction in the intestine and 
the rate of absorption it was considered worthwhile to investigate the effect of 
continuous carotid sinus stimulation on absorption from the small intestine of 
the mammal. 

Methods. The experiments were performed on barbitalized dogs (300 mgm. 
sodium barbital per kilo intrax enously), which had l>een fasted 24 hours. One- 
hundred cubic centiuK'ters of isotonic sodium chloride solution were placed in a 
Moreau loop of the lo\x er portion of the small intestine and left for 30 minutes. 

Thirteen dogs, used for the control experiments, had an average blood pressure 
of 122.0 mm. Hg. In order to rule out the factor of differences in blood pressure, 
these (‘ontrol animals w ere selected so that the blood pressure range was compa- 
rable to that of the experimental group. 

Absorption was studied in 15 dogs while the carotid sinus region was continu- 
ously stimulated electrically for 30 minutes by placing an appropriate electrode 
directly into the carotid sinus. A Harvard inductorium was used which operated 
on a 7 volt current; the coil distance was from 3 to 0 cm. The average blood 
pressure of this group, while the carotid sinus xvas being stimulated, was 124 mm. 
Hg. 

At the end of 30 minutes the sodium chloride solution was remoxed from the 
intestinal loop and the volume carefully measured. The amount of chloride 
in the solution xvas quantitatively detennined by the \^an Slyke modification 
of the Volhard method. 

Results. The data, table 1, shoxv that there is a statistically significant re- 
duction in the absorption of fluid and chloride in the experimental group. It is 
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of interest to note that the difference in the average blood pressure values be- 
tween the control and experimental group was only 1 .1 mm. Hg. 

Discussion. The results clearly indicate that less chloride and fluid were 
absorbed in the experimental group than in the control animals. Of several 
possible theories which might be offered to explain these findings, some of the 
more pertinent will be considered. 

One factor which may be significant is the change in permeability of the 
intestinal epithelium following stimulation of the autonomic nerves. Gellhorn and 
Northup (2) in 1933, studying the frog’s intestine perfused with isotonic glucose 

TABLE 1 


Effect of stimulation of carotid sinus region on absorption of chloride from intestine 


CONTKOL 

EXPERIMENTAL 

Blood pressure 

Fluid 

absorption 

Chloride 

absorption 

Blood pressure 

Fluid 

absorption 

Chloride 

absorption 

mm. Hg 

% 

% 

mm. Hg 

% 

% 

103.4 

23 

49 

111.4 

17 

32 

104.6 

51 

61 

112.8 

73 

78 

116.0 

70 

75 

115.0 

37 

44 

117.4 

52 

66 

117.8 

16 

40 

120.2 

57 

62 

118.2 

52 

57 

121.2 

56 

64 

119.4 

50 

59 

121.4 

82 


119.6 

55 

60 

129.2 

43 

49 

121.4 

43 

49 

129.8 

62 

68 

122.0 

54 

64 

131.7 

68 

74 

122.2 

36 

55 

133.0 

56 

63 

124.4 

57 


134.0 

51 

58 

127.8 

45 

58 

135.2 

82 

88 

135.2 

17 

35 




136.8 

28 

42 




156.4 

50 

54 

Av 122.9 

57.9 

64.8 

124 

42 

52.7 


Av. differences: fluid, 15.9% (“p” 0.02); chloride, 12.02% (“p”0.01); blood pressure, 
1.1 mm. Hg. 


solution, reported that absorption of glucose was altered by stimulation of the 
autonomic nerv^es. The blood vessels supplying the intestine were simul- 
taneously perfused at a constant rate with Ringer’s solution. They interpreted 
their results to mean that stimulation of autonomic nerves alters cellular per- 
meability by means of humoral agents. 

These authors had shown previously that acetylcholine and adrenaline had 
antagonistic effects on the transport rate across the intestinal epithelium. In 
high concentrations, adrenaline increased the rate of transport of glucose whereas 
acetylcholine decreased it; in lower concentrations the effects were reversed. 

The conclusions of Gellhorn and Northup may not be applicable to our work, 
since they were studying absorption of glucose from the frog’s intestine whereas 
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our work was concerned with chloride absorption from the mammalian intestine. 
It is a possibility, of course, that a humoral agent was responsible for the de- 
creased amount of absorption of sodium chloride from the mammalian intestine; 
however, it does not seem a likely explanation. 

The question of anoxia is to be considered, since there was a vasoconstriction 
of the intestinal vessels. It has been shown by V"an Liere and Sleeth (3) that 
a moderate degree of anoxic anoxia has no effect on absorption of chloride from 
the intestine of the dog. Marked degrees of anoxia may actually increase 
chloride absorption (unpublished work). There is no reason to feel that there 
was a high degree of anoxia in the course of our experiments, and further if there 
had been, the absorption of chloride presumably would have l)een increased 
instead of decreased. 

The most plausible explanation for the decreased absorption of chloride during 
stimulation of the carotid sinus region is the reflex constriction of the intestinal 
vasculatvire and the conseciuent decreased blood supply to the intestine. There 
may he (contributing factors, l)ut they are presumably less important than the 
decreased blood supply produced by reflex vasoconstriction. We do not know 
the actual degree of \'asoconstriction which takes place. According to Bernthal 
and Schwind (1) the potential capacity for vasomotor response upon the part of 
the intestinal \'essels and their nervous controlling mechanism is great. They 
stress, howcA'er, that the intensity of stimulation required to iniplement this 
capacity fully appears to be high and is brought into action only under extreme 
conditions. 

In our exfieriments fairly strong faradic stimulation was used, and it is logical 
to suppose that consideralde vasoconstriction was produced in the arteriole bed, 
and as a consequence, the lilood flow through the capillary region was consider- 
ably reduced. The authors recognize, however, that there is not necessarily a 
direct relation between the amount of blood flow and the amount of alisorption 
from the intestine. 

Lastly, it should be emphasized that the control animals had l)een selected 
which had a blood pressure range within that of the experimental group. This 
was deemed necessary, liecause it has been shown in our laboratory (work to 
l)e publislied) that the level of the systemic blood pressure may significantly 
influence absorption from the small intestine. 


SUMMARY 

The absorption of isotonic sodium chloride solution from a Moreau loop of 
the lower portion of the small intestine was studied in 13 barbitalized dogs. 
The solution was left in the intestine 30 minutes. The average blood pressure 
of these dogs was 122.9 mm. Hg. 

Absorption was studied for the same length of time in 15 dogs while the carotid 
sinus region was continuously stimulated electrically. The average blood pres- 
sure of this experimental gnxip was 124 mm. Hg. 

The percentage fluid and chloride absorbed by the control dogs was 57.9 and 
04.8 respectively. In the experimental group the percentage absorption was 



152 


E. J. VAN HERE, J. C. STICKNEY AND D. W. NORTHUP 


42 and 52.7 respectively. The latter group showed a statistically significant 
reduction of fluid and chloride absorbed. 

The constriction of the intestinal vasculature and consequent decreased blood 
flow through the capillary region produced by stimulation of the carotid sinus 
region probably caused the lessened amount of absorption in the experimental 
group. 


REFERENCES 

(1) Bernthal, T. and F. j. Schwind. This Journal 143: 361, 1945. 

(2) Gellhorn, E. and D. Northup. Ibid. 106 : 283, 1933. 

(3) Van Liere, E. J. and C. K. Sleeth. Ibid. 117: 309, 1936. 



TJIE SIZE AND ]'’ENCTI()N OF THE HUMAN HEART AT REST 
IN SEMI-STARVATION AND IN SUBSEQUENT 
REHABILITATION* 

ANCEL KEYS, AUSTIN HENSCHEL and HENRY LONGSTREET 

TAYLOR 

From the Laboratory of Physiological Hygiene, University of Minnesota, Minneapolis 
Received for publication April 4, 1947 

Thviv is a idc^spread belief, maintained by most of the eiirrent textbooks in 
physiology, that tlie heart is resistant to imdernutrition and does not undergo 
important degeneration or liinetional changes in star\'ation oi piolonged undei- 
feeding like the other tissues of the body. This idea has (‘\ en been incorporated 
into a general principle proclaiming the wisdom oi nature in protecting the 
most “vital” organs in starvation (cf., e.g., Foster, 1895; Evans, 1945). ihe 
cni rent tr‘xtbooks on cardiology generally make no mention of starvation ehects, 
aijparently luu ing accei)ted the opinion of Vaepu'z (1924) in his authoritative 
textbook: “4'he conchisiou is that inanition has no harmful effect on the heart” 
(p. 290). 

The major purpose of tlu‘ i)resent paper is t(.) i)resent results of studies on the 
h(‘art- and circuUition in 32 young men who, after several months of control 
ol)ser\'ation on a noi'inal diet, underwent controlled starvation to the extent oi 
losing al)out one-fouiih of their body weight in six months. Thereafter they 
were studied for Wuvv months during controlled rehabilitation and 12 ot them 
for an additional two months on diets of their own choosing. Limit(‘d obser- 
\’ations were mad(' on 21 of tlu'se men alter 32 to 35 weeks ot icdiabilitcition 
and on a liwv of them about 20 weeks later. A brief general sketcli of tlie ex- 
])eriment has beiai published (Keys, 1940). 44ie el(‘ctrocardiographic studies 
are reported sepanitely (Simonson, Henschel and Keys, 1947). 

In tlu‘ subsequent. in*esentation the control period is designated simply as 
and the stages of semi-starvation are referred to as S5, S12, etc., the number 
refei’ring to the number of weeks of semi-starvation. Similarly, the lehabili- 
tation period is designated as UO, HI 2, etc., meaning the number of weeks 
following the end of semi-starvation. 

Subjects and conditions. The sulijects were voluntei'rs irorn C'ivilian Public 
Service who were judged to l>e free from signs or history of significant physical 

1 The work described in this paper was initiated under sponsorship of the Brethren Ser- 
vice Committee, Elgin, Illinois, the Service Committee of the Society of Friends, Phila- 
delphia, the Mennonites Central Committee, Akron, Pennsylvania, the John and Mary R. 
Markle Foundation, New York, the Sugar Research Foundation, New ^nrk> the National 
Dairy Council, operating on behalf of the American Dairy Association, Chicago, and the 
Home Missions’ Board of the Unitarian Society, Boston. Later, this work was supported, 
in part, under the terms of a contract, recommended by the Committee on Medical Re- 
search, between the Regents of the University of Minnesota and the Office of Scientific 
Research and Development. During the later stages of rehabilitation this contract was 
transferred to the Office of the Surgeon General, U. S. Army. 
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or physiological abnormalities. They ranged from 20 to 33 years of age and 
were of sedentary to moderately athletic habits. 

During a three-months’ period of pre-starvation control and thereafter 
during semi-starvation and subsequent rehabilitation, these men lived and 
worked in the laboratory and maintained a set schedule of activity correspond- 
ing roughly to that of light industrial work. Aside from the usual upper re- 
spiratory infections, which were neither unusually frequent nor severe, there 
were no complicating illnesses. 

The semi-starvation diet was patterned after the customary famine diets of 
Europe, i.e., the major food items were coarse cereals and potatoes, with cab- 
bage and turnips supplying a fair amount of bulk. Dairy products, meats and 
fats were provided in only token amounts. No protein or vitamin supple- 
ments were given except in rehabilitation where the diet, for the first three 
months, was essentially unchanged except in quantity. 

Besides the loss in body weight, these men developed the classical signs of 
starvation — ^weakness, fatigue, edema, depression, bradycardia, polyuria — and 
these rather slowly regressed in rehabilitation. There were no unequivocal 
signs of either protein or vitamin deficiency; even suggestive indications of 
vitamin deficiencies w^ere few% slight and of dubious significance. 

Methods. Cardiac measurements w^ere made on roentgenkymograms. The 
subjects, in the resting state, briefly stood for the anterior-posterior view* ex- 
posure. The cardiac silhouettes, in both ventricular systole and diastole, were 
drawn and both gross volumes and stroke were calculated following the method 
of Keys ef aL (1940). Transverse diameter was measured in systole as w as the 
long diameter ; the latter w^as simply taken as the longest diameter in the an- 
terior-posterior view. All measurements were corrected for triangular dis- 
tortion. The major anatomical axis w*as drawn acrcording to visual judgment 
and the angle of inclination of the heart w^as measured as the departure from 
the horizontal. An example of these tracings and measurements is given in 
figure 1. 

Body weight was measured in the nude before breakfast. Basal metabo- 
lism was measured with a closed-circuit apparatus, using tw o periods of eight 
minutes each on every occasion. Venous blood pressure was measured with a 
saline manometer directly communicating by way of a 20-gauge needle with a 
vein in the antecubital fossa; the zero point was taken to be 10 cm. from the 
top of the litter on which the subject lay in the supine position. 

Results. Pulse rate and arterial pressure. The most obvious changes re- 
lating to the heart and circulation were those in the pulse rate and blood pres- 
sure. Mean values in the basal state of rest are summarized in table 1 . These 
subjects, as is commonly found with normal young men in this laboratory, 
were characterized by relatively slow heart rates and low^ blood pressures in 
the basal state. The averages at C were 55.19 beats per minute and 106.53/ 
69.91 mm. Hg. 

In the first few^ weeks of semi-starvation the blood pressure w as unchanged 
but the heart rate became progressively slower, the most extreme bradycardia 
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being observed at SI 3 when the average heart rate was 35.31. Jour men 
had rates of 28 on repeated manual counts of 1 minute each and one man had 
a rate of 24. Thereafter until the end of semi-starvation the heart rate very 
gradually rose, averaging 37.31 at S23. In the first 12 weeks of rehabilitation 

Subject. H L 


Dec. 17.1944 July 2.Zy 1945 



Fig. 1. Cardiac tracings and measurements made from roentgenkymograms of subject^ 
during the control period (12/17/44) and at the end of semi -starvation (7/23/45) . Tr.D, - 
transverse diameter, L.D. = long diameter. The diastolic and systolic areas are calculated 
from the planimeter tracings of the heart shadow outline. 

TABLE 1 

Mean values for S2 men for pulse rate and blood pressure (mm. Hg) in control {p re -starvation) 
and after 5, 13, 20 and 23 weeks of semi -starvation. All 

measurements made in basal rest ____________ 


ITEM 

CONTBOL 

S5 

sl3 

S20 

S23 

*12 


69.39 

63.33 

56.60 

53.88 

52.83 

58.76 

BiiIrp rato 

55.19 

40.78 

35.31 

36.75 

37.31 

49.66 

Svafolif* H P 

106.53 

106.03 

99.19 

98.47 

94.69 

99.91 

Diastolic B.P 

69.91 

68.46 

68.22 

70.47 

64.50 

1 68.25 

Pulse pressure 

36,62 

37.57 

30.97 

28.00 

30.19 

31.66 


the lieart rate slowly returned toward normal but still only averaged 49.()() 

atR12. 114 ^- 

The response of the blood pressure to semi-starvation was less dramatic 

but definite signs of developing hypotension were seen by the middle of semi- 
starvation when the body weight had declined about 15 per cent on the average ; 
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at this time the pulse pressure had also definitely decreased by about 15 per 
cent. As semi-starvation continued the systolic blood pressure continued to 
fall slowly with little or no further change in the pulse pressure. In the first 
12 weeks of rehabilitation the recover}^ in both systolic blood pressure and 
pulse pressure was incomplete. 

After 12 weeks of rehabilitation, when tlie men were allowed to eat as much 
as they wished, there was a rapid rise in the pulse rate to reach a level of rela- 
tive tachycardia in 2 weeks and then falling slowly to be at about the pre- 
starvation level at R20. Mean values for 12 men are given in table 2. Basal 
pulse rate measurements on 21 of the men at R34 gave an average of 58.71 ; 
this is significantly higher than the control mean of 54.90 for these same men. 

In later rehabilitation (after R12) the blood pressure showed very little 
alteration. For 21 men the mean values at C' and R34, respecti\^ely, were 
106.6/69.9 and 107.4/71.1. 

TABLE 2 


Mean pulse rates and blood pressures in the basal state of the 12 men who were continuously 
observed through 20 weeks of rehabilitation 


ITEM 

CONTROL 

s24 

x6 

xl2 

r14 

r16 

r20 

Pulse rate 

56.1 

37.8 

42.7 

52.3 

70.9 

64.1 

57.3 

Systolic B.P 

105.3 

92.7 

97.2 

101.5 

106.8 

104.9 

104.0 

Pulse pressure 

35.1 

29.4 

30.7 

32.3 

34.3 

34.9 

35.4 


Size, position ami stroke. During the first 12 weeks of semi-star\'ation, the 
overall size of the heart for the whole group of 32 men diminished at almost 
the same rate as the reduction in body weight. While the body weiglit de- 
creased by 17.4 per cent, the estimated heart volume decreased by 15.7 per 
cent. During the next 12 weeks, however, the rate of loss in heart size was 
considerably less so that the total period of 24 weeks produced an av'erage loss 
of heart volume of 17.1 per cent while the corresponding loss in total weight 
was 24.0 per cent, with the ratio of heart size to body weight loss being 0.71. 

The reduction in heart volume was accompanied by a sharp reduction in 
transverse diameter but by only a small decrease in overall length of the heart 
(long diameter). This may be explained, at least in part, by the changing 
position of the heart. The heart assumed a considerably more verti(*al posi- 
tion in the cliest in starvation, the average difference in the angle of the major 
axis being 8.5° at Si 2 and 5.7° at S24. It should be observed that the trans- 
verse diameter represents a different proportion of the heart breadtli when 
the axis angle is changed. 

In rehabilitation, as shown by table 3, the cardiac dimensions vere not back 
to the control level after 12 weeks (R12) but had slightly surpassed the con- 
trol values at R20, The angle of the anatomical axis behaved in the same 
general fashion and the parallelism of all the cardiac dimensions with the changes 
in body weight w^as fairly close. There w^as a tendency for the return in heart 
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size to proceed more rapidly than the recovery in body weight, but the differ- 
ence was of doubtful statistical significance. 

The stroke volume of the heart decreased in sta^^ ation almost exactly in 
proportion to the total systolic volume of the heart. Ouring rehabilitatifai, 
however, the recovery in stroke volume lagged considerably behind that in 
heart volume as sho\N’n in table 3. From the low point at S24 the increase at 
1120 was 20. 6 per cent in total systolic; volume, but the stroke volume increased 
only 9.3 per cent in thc'se 20 weeks. 

TABLE 3 

Size of the heart in ventricular systole in rest, together with anatomical heart axis, body weight 
and basal pulse rate. The stroke volume is calculated from the difference between diastole 
and systole by the method of Keys et al. (1940). Means and standard deviations (S.D.) for 
12 men in control, after 24 weeks of semi-starvation , and after 12 and 20 weeks of 
rehabilitation. 


ITEM 

c 


S24 

r12 

r20 

^lean 

S.T). 

Mean 

S.D. 

Mean 

S.D. 

Mean 

S.D. 

Transvt'i'se diaiii., cm 

11.44 

0.92 

10.03 

1.00 

11.08 

0.98 

11.79 

1.21 

Transverse diam., % 

1(K) 

8.0 

87.7 

10.0 

90.8 

8.8 

103.0 

10.2 

Long diam., e 111 

13.f)4 

0.53 

12.90 

0.79 

13.00 

0.72 

14.05 

0.66 

Long diam., % 

ItX) 

3.9 

95.0 

0.1 

99.7 

5.3 

:03.0 

4.7 

Systolic volume, cc 

575.3 

74.1 

470.2 

83.2 

551 .0 

78.9 

594.9 

88.1 

Systolic volume, % 

IlOO 

12.9 

81.7 

17.7 

95.0 

14.3 

103.4 

14.8 

Body weight, kgm 

1 07.7 

5.15 

51.7 

3.34 

58.2 

3.77 

70.8 

4.44 

Body weight, 

UM) 

i 7.0 

7(*).5 

i 0.5 

i 80.2 

0.5 

HM.9 

1 6.3 

Pulse rate 

50. 1 

O.Ot) 

37.8 

1 5.15 

52.3 

0.01 

1 57.3 

5.92 

Pulse rate, % 

ItM) 

10.9 

I 07.5 

13.0 

93.2 

12.0 

|102.1 

10.3 

Stroke volume, cc 

! 00.9 

5.44 

1 54.8 

8.83 

57.4 

10.12 

1 59.1 

! 9.26 

1 

Stroke volume, % 

100 

8.1 

i 81.9 

jlO.l 

i 85.8 

17.0 

! 89.5 

15.6 

Axis, ° from horiz 

! 40.8 

4.05 

! 51.2 

1 5.25 

j 49.0 

5.39 

1 44.9 

6.41 


J^hysical work of the heart. Fiider the present resting conditions, a first 
estimate of the r(‘lativ(‘ W(.)rk done* l)y the heart at the several periods of the 
experim(‘nt is pnnided by the simple product of the minute \ olume and the 
mean arterial V)lood pressure. Ta))le 4 (line 7) shows that alter six months of 
semi-starvation the })hysical work of the heart per minute in rest was reduced 
to half of the control value; in rehabilitation the cardiac work increased slowly, 
being only 90 per cent of the control l(*vel at K20. 

Tlie present, discussion has omitted reference to the electrocardiographic 
findings. The duration of systole, measured either as the i}-T interval or as 
the time between the first and second heart sounds, was much prolonged by 
semi- stare at ion and remained long at R12. This means that the rate ol the 
work of the lieart during actual contraction of the ventricles was even more 
greatly affected than indicated by lines 0 and 7 in table 4. The mean me(‘han- 
ical systole duration was 0.322 seconds in the control period, 0.385 at S24 and 
0.370 at R12 for the 12 men considered in table 4. Accordingly, the rate of 
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accomplishment of external work during systole at S24 can be calculated to 
be only 41 per cent as much as in the control period; the corresponding rate 
for R12 was 67.5 per cent of the control value (see table 4, line 8). 

The figures for the work of the heart noted above do not include the kinetic 
work of imparting velocity. At the relatively slow blood velocities involved 
here, the kinetic work is only a very small fraction of the total physical work 
and so may be neglected in approximate calculations. The calculations in 
table 4 (line 9) indicate that the kinetic work of the heart per stroke declined 
at S24 to 57.3 per cent of the control value and was still only 64.9 per cent of 
C at R12. Calculating the rate at which kinetic work was done during the 
systolic contraction, the values at S24 and at R12 were, respectively, only 47.9 

TABLE 4 


Cardiac function in rest in the control period^ after 2J^ weeks of semi -starvation ^ and after 
12 and 20 weeks of rehabilitation. Mean values for the 12 men considered in table 2. In 
calculating the total cardiac work it is assumed that kinetic work comprises S% of the total. 


LINE 

NO. 

ITEU 

CONTEOL 

VALUE 

S24 

e12 

r20 

Abs. 

% c. 

Abs. 

%C. 

Abs. 

%c. 

1 

Cardiac output, L./min. 

3.75 

2.07 

55.2 

3.00 

80.0 

3.39 

90.4 

2 

Mean art. press., mm. Hg 

87.8 

78.0 

88.8 

85.3 

97.2 

86.8 

98.9 

3 

Mechanical systole, sec. 

0.3222 

0.385 

119.6 

0.370 

114.9 



4 

Diastolic heart vol., cc. 

621.4 

508.0 

81.7 

590.6 

95.0 

635.7 

102.3 

5 

cc. stroke/100 cc. diast. vol. 

10.7 

10.8 

100.9 

9.6 

89.7 

9.3 

86.9 

6 

Rel. pressure work, per stroke 

100 


72.7 


83.3 


87.2 

7 

Rel. pressure work, per minute 

100 


49.0 


77.6 


89.1 

8 

Rel. pressure work, rate in systole 

100 


41.0 


67.5 



9 

Rel. kinetic work, per stroke 

100 


57.3 


64.9 



10 

Rel. kinetic work, per minute 

100 


38.6 


60.5 



11 

Rel. kinetic work, rate in systole 

100 


47.9 


56.5 



12 

Rel. total work, per stroke 

100 


72.2 


82.7 



13 

Rel. total work, per minute 

100 


48.7 


77.1 



14 

Rel. total work, rate in systole 

100 


41.2 


67.2 




and 56.5 per cent of the control value (table 4, line 11). Finally, the kinetic 
work per minute at S24 and R12, respectively, was 38.6 and 60.5 per cent of 
C (line 10). 

With these values it is possible to estimate the relative total physical work 
of the heart, assuming that the kinetic work is something like 3 per cent of 
the total. The resulting values for total work are given in lines 12, 13 and 14 
of table 4. 

The functional state of the heart is sometimes estimated from the relation 
between stroke output and the diastolic size of the heart, on the general prin- 
ciple that the invocation of Starling’s Law — increasing diastolic fiber length 
to ensure effective contraction — ^is an indication of developing failure. In 
table 4 (line 5) it is seen that the amount of blood ejected in systole per unit 
of diastolic volume was not decreased in starvation but that in rehabilitation 
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the diastolic heart size increased out of proportion to the stroke output. The 
result is the surprising indication that the heart was relatively closer to failure 
in early rehabilitation than in starvation. Actually, as we shall see, there 
were other indications that this was the fact. 

Circulation versus metabolism. The most important consideration in eval- 
uating the effective functions of the heart is the relation between the circula- 
tion and the metabolic requirements of the tissues. In starvation there is a 
very marked reduction in the oxygen demand. The details of the metabolism 
in this experiment ^^'ill l)e reported elsewhere, but here we may note that, on 
the average, the total oxygen consumption per minute in rest was only 64 per 
cent as great at S24 as before starvation. The reduction in metabolic rate 
was, therefore, considerably more than the corresponding change in either 
stroke or total heart volume. It is necessary, however, to allow for the changes 

TABLE 5 


CirculaUon and mUaholism in rest in the. control period, after S4 weeks of semi-starvation, and after 12 and 20 xveeks of 
rehabilitation. Column headings; V = upright, S = supine position. Mean values for the 12 men considered in tables 
2 and 2. Brackehd valuf s calculated as indicated in the text. 


LINE 

NO. 

ITEM 

CONTROL 

s24 

i *12 

x20 

U 

s 

U 



S 

1 U S 

U 

S 

1 

Blood Oi cap., cc./lOO cc. 


20.40 


15.97 

i : 

j ! 17.0,.' 


19.58 

2 

Arterial O 2 , 00 ,/ 100 co. 


19.44 


15.17 

! 16. iS 


18.60 

3 

C'ardiac output, cc. Oj/iuin. 

729 

(801) 

314 

(346) 

485 1(5,38) 

631 

(694) 

4 

Metabolinm, cc. Oj/min. 

(274) 

228 

(174) 

145 

(223) 186 

(287) 

239 

5 

Ven. Oj return, cc./min. 

45.5 

573 

140 

201 

1 262 i 352 

344 

455 

6 

Von. Oj, cc./lOO cc blood 

12.13 

13.91 

6.76 

S.81 

! 8.73 i 10.66 

10.14 

12.20 

7 

Ditto, % of control 

100 

100 

60 

63 

! 72 1 77 

84 

88 

8 

Ven. O 2 sat., % 

59.3 

68.0 

42.3 

.54.9 

: 51.3 1 62.7 

51.8 

62.3 

9 

Ditto, % of control 

100 

100 

71 

81 

i 86 i 92 

87 

92 

10 

“Safety ratio,” line 5/line 4 

1.66 

2.51 

O.SO 

1..39 

i 1.17 1 1.89 

1.20 

1.90 

11 

“Safety ratio,” % of control 

100 

100 

48 

55 

I 70 i 75 

72 

76 


in pulse rate and in the oxygen capacity of the blood before finally deciding 
how wc41 the heart maintained the circulation in relation to the metabolic 
need. The essential data and calculations are summarized in table 5. 

The items of calculation in table 5 require some explanation. The metab- 
olism was not measured at the moment of exposure of the roentgenkymogram 
but was measured separately in the supine position. The relation between 
heart A’olume and stroke volume remains the same in both positions according 
to Nylin (1933) but metabolism and total output of the heart are differently 
affected. In the upright (standing) position the metabolism is increased from 
15 to 20 per cent compared with the supine position, but the cardiac (minute) 
output actually falls. In a series of 11 normal persons (Irollman (1928) found 
the average changes in the upright position compared with the supine to be 
+ 17.8 and —5.3 per cent for metabolism and cardiac output, respectively. 
In this laboratory we have obtained rather similar results, using the foreign 
gas method for cardiac output, and these relations seem to be reasonably con- 
stant. Accordingly, therefore, it is proper to correct the cardiac output to 
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the supine position or to correct the metabolism to the upright position. We 
have made both calculations. For correcting metabolism from supine to up- 
right we used the factor 1.2, i.e., 20 per cent, and for the correction of cardiac 
output from upright to supine we used the factor 1.1, or 10 per cent. These 
calculated values are indicated in brackets in lines 3 and 4 of table 5. The 
identity of procedures and calculations from period to period means that what- 
ever may be the uncertainty as to absolute values, relative comparability 
should be assured. 

In starvation the venous saturation declined about 25 per cent (upright 29, 
supine 19 per cent) but the oxygen content of the venous blood fell much more 
abruptly. If we consider the amount of oxygen returned per minute to the 
heart by the venous blood, the decline amounted to 69 per cent in the upright 
position and 65 per cent in the supine position. Perhaps the most useful com- 
parison is in terms of the metabolic rate at the time. The venous (i.e., unused) 
oxygen returned to the heart per minute would cover the metabolic demand 
at the same moment about twiee as long in the control period as after 24 weeks 
of semi-starvation (lines 10 and 11, table 5). At R12 this “margin of safety ’’ 
was still only about three-quarters as great as before star\'ation and there was 
little further improvement at R20. 

The venous pressure. In the measurements of venous pressure we were 
able to get suitable control data on 12 subjects who were also resident in the 
laboratory throughout the experiment, but were maintained in a normal state 
of nutrition. Two sets of measurements, separated by an interval of five 
months, were made on the control subjects. On the first occasion the average 
venous pressure for the 12 control men was 9.7 cm. of saline; the average for 
the second occasion was 10.3 cm. These values agree well with other “normal’^ 
measurements in the literature (e.g., Burch and Soderman, 1939); we . have 

used the mean of these 24 control measurements -10.0 (mi. -as the control 

reference. 

The summarized data are given in table (). At the end of semi-starvation 
the venous pressure was not more than half the normal value. It increased 
slowly in the first 12 weeks of rehabilitation and then ros(‘ sharply to surpass 
the control level at both R16 and R20. There was an indication that the 
high point was reached at R16 and thereafter the average tended to return 
toward the normal control level but the difference between R16 and R20 was 
not statistically significant. 

The functional significance of an abnormally low venous pressure raises 
interesting but puzzling questions of both theoretical and practical types. 
For the present, however, it would seem safe to suggest, first, that a low 
venous pressure centainly does not imply cardiac incompetence, at least on 
the right side of the heart, and, secondly, that a rising venous pressure may be 
some indication of a relatively less perfect competence. From this viewpoint 
it could be suggested that the heart was functioning less well in rehabilitation, 
particularly at R16 and R20, than in semi-starvation. 

The cause of the changes in venous pressure is not clear. In the first place, 
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it is not related to an inadequacy of total blood volume. As will be reported 
elsewhere, the total blood volume was relatively stable throughout the entire 
experiment, the averages for the several periods not varying outside the general 
range of 5500 to 6000 cc. There was, in starvation, a prolonged diastolic 
period so the time available for blood to enter the heart was increased. But 
at R12, when the venous pressure was still very low, the duration of diastole 
was actually somewhat less than in the control period. The significant points 
are given in lines 4, 5 and 6 of table 6. 

TABLE 6 

Venous pressure after 2J^ weeks of semi -starvation and after 6, 12^ 16 and 20 weeks of rehabilita- 
tion. Mean values for 32 men and for 12 men as indicatea. Control value in brackets is 
the mean for measurements on two occasions in 12 comparable normal men. Diastolic dura- 
tion is the difference between total cardiac cycle duration and the duration of mechanical 
systole, the latter taken to be the time between the first and second heart sounds. 


LINE 

NO. 

NO. 

MEN 

ITEM 

CONTROL 

S24 

r6 

k12 

. 

r16 

r20 

1 

32 

Yen. pressure, cm. saline 

(10.0) 

4. SO 

5.. 31 

6.27 



2 

12 

Yen. pressure, cm. saline 

(10.0) 

4.75 

5.48 

6.46 

11.42 

11.00 

3 

12 

Ditto, ^.'c ^>1 control 

I 100 

47.5 

1 54.8 

I t)4.6 : 

114 

no 

4 

12 

Diastolic duration, secs. 

1 0.77 

1.21' 

; 0.68 1 



0 

1 12 

Ditto, % of control 

100 

157 


88 ■ 



6 

i 

Line 3 x line 5 x 10-^ 

100 

75 


57 1 




TABLE 7 

Cardiovascular function in later rehabilitation . Mean values for 21 men except for R20 where 
the values are given for 12 men. The ''oxygen pulse^^ (line 6) gives the cubic centimeters of 
oxygen metabolized per heart beat. The "circulatory index" (line 7) attempts to allow for 
the changing oxygen capacity of the blood as indicated in the text. 


LINE NO. 

ITEM 

c 

s24 

r12 

r20 

r34 

1 

Body weight, kgm. 

69.36 

52.53 

58.08 

70.34 

75.79 

2 

Basal pulse rate 

54.90 

37.48 

49.95 

58.70 

58.71 

3 

Systolic blood pressure, mm. Hg 

106.6 

94.5 

100.3 

104.4 

107.4 

4 

Diastolic lilood pressure, mm. Hg 

69.7 

64.3 

68.8 

69. 1 

71.1 

5 

Pulse pressure difference, mm. Hg 

36.9 

30.2 

31.6 

35.3 

36.3 

6 

Oxygen pulse 

4.20 

3.34 

3.(>4 

4.11 

4.09 

7 

Circulatory index 

20973 j 

242.6 1 

214.9 

210.3 

199.3 


Later rehabilitation. After 20 weeks of rehabilitation the subje(*ts dispersed 
from the lal)oratory and were under no dietary or acti\’ity regulation. About 
three months later (R34) it was possible to reassemble 21 of the men at various 
medical centers where follow-up examinations were made. Early in the morn- 
ing, before breakfast, basal pulse rate, blood pressure and metabolism were 
measured, a blood sample was taken, and an electrocardiogram was recorded; 
this was the same general schedule used in the earlier parts of the experiment. 
These data are summarized in table 7. 
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The basal pulse rate, which at R20 slightly but definitely surpassed the 
control value, was unchanged at R34; in other words, in later rehabilitation 
the pre-starvation (control) bradycardia was less marked or it could be said 
there was a mean relative tachycardia of about four beats a minute. Systolic 
and diastolic pressures were above the control values but only to an insig- 
nificant degree. 

It was believed that comparison between the metabolism and the pulse rate 
might be useful. Such comparison is sometimes made in the form of an “oxy- 
gen pulse” calculation in which the (oxygen) metabolic rate is simply divided 
by the pulse rate, thereby yielding the amount of oxygen provided per heart 
beat. This oxygen pulse fell sharply from the control value in starvation, 
was still lower at R12 and seemed to be returning to normal rapidly at R20. 
At R34, however, the oxygen pulse had not continued to improve and was, 
actually, a trifle lower than at R20. For the present purpose, at least, it might 
seem better to make allowance for differences in the hemoglobin concentra- 
tion of the blood, on the general theory that this is another factor in the ox 3 "gen 
balance. Obviously we may write the complete equation: 

I. Metab. Rate = Stroke Vol. X Pulse Rate X O- Cap. X (Art. Sat. — Yen. 
Sat.) then: 

II. — = Stroke Vol. X (Art. Sat .-Yen. Sat.) 

Pulse Rate X O 2 Cap. 

Accordingly, we have calculated the values for the left side of this question 
for use as a “circulatory index”, the average values for which are given in line 
7 of table 7, This index rose sharply in semi-starvation and tended to make a 
fairly rapid and complete return in the first 20 weeks of rehabilitation. At 
R34, however, the index had continued downward and was below the level 
at C. This difference between R32 and C was of questionable statistical sig- 
nificance, being just short of the 5 per cent level. 

Dwt in rehabiliiation and cardiovascular function. During the first 12 weeks 
of rehabilitation the 32 men were divided into matched groups which were 
maintained on different levels of calories, proteins and vitamins. Four groups 
of eight men each were maintained on caloric levels differing by 400, 800 and 
1200 calories per man-day from the group on the lowest rehabilitation intake; 
the latter averaged 2464 Cal. Each of these caloric groups was subdivided 
into matched sub-groups of four men each, one sub-group receiving daily vita- 
min pills while the other sub-group received blank pills identical in appearance. 
Finally, each of these sub-groups in turn was subdivided into two sections of 
two men each, the men in one section receiving a bread enriched with soy bean 
and milk proteins, while the other men received bread of equal caloric and 
vitamin content but not fortified with extra protein. 

This factorial design of this part of the experiment allows the comparison of 
four caloric levels, all other factors being constant, for groups of eight men 
each. Further, we may compare two groups of 16 men each whose regimens 
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were identical save for the fact that one group received only the vitamins in 
their food while the other group had this same diet plus supplementary vitamins 
corresponding to the '‘minimal requirements” of the U. S. Food and Drug Ad- 
ministration. The ‘^Hexa vitamin” tablets used provided each man the following 
daily supplements: Vitamin A — 2500 International Units, thiamine — 1.0 mgm., 
riboflavin — 1.5 mgm., niacin amide — 10.0 mgm., ascorbic acid — 37.5 mgm., 
and vitamin D — 200 International Units. Finally, we may compare two 
groups of 16 men each whose diets were calorically the same and whose vitamin 
intakes were identical, but whose daily protein intakes differed by 20.7 grams 
per man. 


TABLE 8 

Caloric intake and recovery in cardiovascular items in the first 12 weeks of rehabilitation. 
Means and standard deviations (S.D.) for 8 men in each group. In each case the Re- 
covery^' is calculated from the change from S24 after 12 weeks of rehabilitation (A Rl2)as 
compared with the change from the control period (C) to S 24 ^ 


ITEM 

CALORIC 

GROUP 

c 

s24 

AS24 

AR12 

% Re- 
covery 

M 

M 

M 

S.D. 

M 

S.D. 

M 

Basal heart rate, 

-f 1200 Cal. 

58.0 

38.0 

-20.0 

8.8 

+13.4 

6.4 

67.0 

beats per minute 

+800 Cal. 

53.8 

36.9 

-16.9 

6.2 

+11.4 

7.3 

67.5 


+400 Cal. 

56.4 

38.0 

-IS. 4 

4.4 

+ 1.8.1 

3.4 

71.2 


Basal diet 

52.6 

36.4 

-16.2 

5.0 

+9.8 

3.8 

60.5 

Basal arterial pulse 

+ 1200 Cal. 

34.6 

30.2 

-4.4 

6.7 

+3.1 

7.6 

70.5 

pressure, mm. of Hg 

+800 Cal. 

36.5 

28.9 

-7.6 

6.7 

+3.2 

6.2 

42.1 


+400 Cal. 

38.2 

30.8 

-7.4 

4.0 

+0.9 

3.1 

12.2 


BavSal Diet 

37.1 

30.9 

-6.2 

S.Tj 

-1.4 

7.1 

-22.6 

Basal venous blood 

-hl200 Cal. 

(10.0) 

4.81 

(-5.19) 

i 

+2.12 

2.14 

(40.9) 

pressure, cm. of 

+800 Cal. 

(10.0) 

4.98 

(-5.02) 


+1.00 

1.85 

(19.9) 

saline ! 

+400 Cal. 

(10.0) 

4.44 

(-5.56) 

j 

+1.81 

1.86 

(32.5) 

j 

Basal Diet 

(10.0) 

4.99 

(-5.01) 

1 

+0.94 

2.15 

(18.7) 


The effects of the differences in caloric intakes in rehabilitation are the most 
clear and interesting. As we should expect, the bod\^ weight gains system- 
atically reflect the caloric differences, but the several items of cardio\'ascular 
function show variaiffe responses. Several items are summarized in tal)le 8. 
The basal heart rate increased to much the same extent regardless of the caloric 
level in rehabilitation. The blood hemoglobin concentration was similarly 
relatively independent of the caloric level in rehabilitation. In contrast, the 
systolic arterial pressure and the basal pulse pressure (‘hanged in (‘lose relation 
to the caloric level of the diet. Finally, the "recovery” in venous blood pressure 
was greatest in the highest caloric group and least in the group on the basal 
diet, but the intermediate se(iuence was irregular. 

No clear and consistent effects from the vitamin or protein supplementation 
appear on detailed analysis. Some of the items are summarized in table 9. 
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More signi6cant results might be expected from such supplements at low or 
high caloric intakes in rehabilitation; e.g., vitamins might be useful, or vice 
versa, at particular caloric intakes. If such relations exist, they are not readily 
demonstrated Avith the small numbers available for comparison in the sub- 
groups here. 

Peripheral circulation. In the literature on starvation there are constant 
references to the coldness of t,he skin and the subjective complaint of coldness 
and cold intolerance. These phenomena were prominent in the Minnesota 
Experiment but it might be questioned whether these are to be referred to 
circulatory or metabolic deficiency. Slight but unmistakable cyanosis . of 
the nail beds was seen in all men in rest at one time or another in the semi- 
starvation period. In the period 816 to 824 cyanosis was constant in 27 of the 
32 men. The cyanosis Avas not. increased in exercise and Avas not seAauu at any 
time; it disappeared in the first feAv AA^eeks of rehabilitation. There were some 

TABLE 9 

Effects of vitamin and of protein supplementation on recovery in some cardiovascular items. 
Mean values for the percentage of the changes in semi-starvation restored in the first 12 weeks 
of rehabilitation. U — no protein supplement y Y = with protein supplement. H == with 
vitamin supplementy P = no vitamin supplement* 


ITEM 

8 MAN GROUPS 

16 MAN GROUPS 

UH 

UP 

YH 

YP 

u 

Y 

H 

P 

Basal pulse rate 

79.0 

59.2 

74.0 

66.5 

69.1 

70.3 

76.5 

62.9 

Basal systolic pressure 

32.9 

63.7 

19.1 

46.3 

48.3 

32.7 

26.0 

55.0 

Basal pulse pressure 

27.4 

52.4 

12.2 

-26.2 

39.9 

7.0 

19.8 

13.1 

Basal venous pressure 

20.1 

31.3 

29.8 

32.1 

25.7 

1 31.0 

25.0 

31.7 


complaints that the extremities would 'go to sleep’' frequently but this Avns 
neither a marked nor a consistent finding. The general appearance' was of a 
moderate deficiency in the peripheral circulation. 

Other indications of the circulatory state. The edema Avhich developed in 28 
out of 32 of these men cannot Avell be ascribed to cardiac failure in view of the 
loAv venous pressure and the absence of other indications (cf. Keys ct al., 1946). 
There were no complaints of palpitation, tachycardia, dyspnea or pre-coi’dial 
distress in the starvation period or in early rehabilitation. The circulatory 
findings in work cannot be discussed here but, in general, they did not indicate 
any special cardiac or circulatory defect out of proportion to the capacity of 
the voluntary muscles. 

Complaints of dizziness and “blackout" on rising suddenly Avere common 
after the first few^ Aveeks of semi-starvation and the men soon learned to be 
cautious on this score. Fainting is very frequently seen in starving people in 
natural famine (Zimmer et a/., 1944). 81 oAver adjustments to altered posture 

were Avell maintained, however, as judged by tilt-table tests. 

We have discussed the bradycardia of starvation elseAvhere (Simonson, Hen- 
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schel and Keys, 1947). Without recourse to teleological argument, this brady- 
cardia can be considered a valuable and protective adaptation. It is significant 
that the rate at which cardiac contraction work was done at S24 is 41 per cent of 
the control, but that the cardiac output was only reduced to 55 per cent. Marked 
liradycardia has been noted in practic^ally all reports on semi-starvation but the 
present values are unusually low. The somewhat higher rates in the literature 
undoubtedly reflect the fact that less perfect relaxation was attained. 

Discussion. The heart size. English and American textbooks of physiolog\% 
insofar as they makt^ any reference to the effects of starvation on the heart, 
consistently state that the heart tissues are very little affected (e.g., Bard, p. 
789, 1941 ; Best and Taylor, p. 1022, 1943; k]vans, p. 705, 1945; Fulton, p. 1112, 
1946; Parsons, p. 96, 1939; Boaf, p. 586, 1936; Wright, p. 764, 1940; Zoethout 
and Tuttle, p. 404, 1943). A bar diagram showing the percentage weight 
losses of the several organs is freciuently employed. Apparently this bar 
diagram was first employed l)y Waller (1896, p. 25()) to depict the data from a 
singk* starved cait reported by C. Voit (186()), in which the heart weight was 
only 2.() per cent smaller than that of a singl(‘ “control” animal. C. Voit (1894) 
later obtained quite a different finding in starved dogs. 

The idea that the heart is safeguarded against star\'ation effects can l)e 
trac(‘d to Foster (1895) wlio “interpr(‘ted” VoiFs earlier data. There has been 
confusion between (I \'oit and E. Voit. Tlie latter imported, ir 1905, some 
results indicating a Ki pei’ cent loss in heart weight in a starvation experiment; 
Starling referred to E. \o\\ in his first edition (1912) }>ut. in more nHXUit editions 
C. \h)it (1866) has Ix'en substituted. Bard (P)41) cites E. Voit instead of 
(\ \h)it . (A Voit himself placed no emphasis whatever on tlu' singularity of 
the heart weight in his one cat; moreover he cited and appanaitly accc^pted the 
work of Chossat (1843) who carried out many star\'ation experiments and 
found an a\’erag(' loss of 44.8 pt'r cent of the heart weight while the voluntary 
muscles lost 42.3 p(‘r cent. 

A very long series of careful studies all agree that the heart undergoes ex- 
tensive atrophy and degeneration in starved rats, rabbits, dogs, guinea pigs, 
chickens, crows, pigeons, man arul cats. As for the latter, Sedlmair (1899) 
found losses of 44 to 55 per cent in the heart weight in starvation. References 
to many other concurring papers are given by Morgulis (1923) and Jackson 
(1925).*^ 

In starved human beings autopsy data pro\4de convincing proof that starva- 
tion results in a reduction in cardiac tissue which at least approaches the pro- 
portions of the general loss of body weight, dhe detailed report on 459 con- 
secutive autopsies of famine victims in India (Porter, 1889) shows a reduction 
in heart size of the same order of magnitude as the loss in total body weight. 
The analysis of heart weights in 1534 autopsies by Bean and Baker (1919) also 
shows a very marked reduction in (‘ardiac tissue more or less in proportion to 
the degree of emaciation of the rest of the body. In 571 autopsies on children 
the reduction in heart size was considered to be nearly in proportion to that of 
the whole body (Bovaird and Nicoll, 1906). Krieger’s (1920) findings in 123 
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autopsies of emaciated patients indicate estimated weight losses for the heart 
of 18 to 45 per cent when the body weight losses amounted to 35 to 48 per cent; 
on the average the ratio of percentage of heart weight loss to percentage of 
body weight loss was 30:41 or about 0.75. 

In the Minnesota Experiment we only have estimations of the volume of the 
intact heart but it is clear that this overall volume diminished by something 
like 20 per cent. This does not necessarily mean an equivalent change in the 
bulk of the heart tissue, since the heart volume includes the blood remaining 
in the chambers at ventricular systole. The first suggestion would be that, 
since the heart in starvation is obviously weakened, the systolic ejection might 
be less complete than normal. This would mean a larger residue of blood and 
hence an underestimate of the shrink of the actual cardiac tissue. The oppos- 
ing argument that systolic ejection is unusually complete and effective would 
be difficult to entertain. 

Obviously, discussion of these points cannot settle the issue precisely with 
the evidence now at hand. We can only observe that the indicated heart 
^^olume changes here are roughly in agreement with the changes in heart weight 
versus body weight observed by others at autopsy (e.g., Krieger, 1920). Fur- 
thermore, while the present data may have underestimated the shrink of cardiac 
tissues, it is not conceivable that the change may have been overestimated to 
any significant degree. 

Starvation versus rehabilitation. We have remarked on some indications 
that the cardiovascular function was perhaps less effective or had a smaller 
reserve in the rehabilitation period than in the starvation period. During 
serai-starvation it was observed that the men frequently stopj^ed physical 
effort with complaints of weakness or fatigue but seldom complained of being 
out of breath or otherwise suggested respiratoiy-circulatory distress. In re- 
habilitation, however, dyspnea was a common complaint, particularly in the 
fK^riod R12 to R20 when the most rapid weight gains were made. In this 
latter period relative tachycardia was very frequently observed both in rest 
and in work. The venous pressure rose, on the average, to a slight degree 
above our normal average but more significant was the fact that 4 out of 13 
men examined at R14 to R16 had venous pressures of 15 cm. of water or more. 

At the time of most rapid weight gain there was also a dramatic rise in the 
basal metabolic rate. It would be reasonable to suggest that the heart, which 
had been able to support the much lower metabolic load in late starvation and 
early rehabilitation, tended to demonstrate its weakness when the metabolic 
demand was increased. One subject had a short spell of what appeared to be 
actual heart failure which would seem to prove the point. This case is in- 
structive. 

Subject 130 during semi-star^^ation had exhibited edema and his cardio- 
vascular and other responses had been no different than the other men. During 
the first 12 weeks of rehabilitation his edema abated but tended to recur occa- 
sionally like many of the other men. After R12 this subject immediately 
gorged himself and iii spite of warnings continued to eat at the general level of 
7,000 to 10,000 Cal. daily. At the same time he increased his physical activi- 
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tics somewhat. In two weeks he had a sudden, massive return of edema and 
complained of dyspnea. At this time it was found he had moderate edema of 
the face, extremities and the sacral region, blood pressure of 116/80, pulse 
rate 80, hemoglobin 14.2 grams per 100 cc., white count of 6,350, and a total 
plasma protein concentration of 6.3 grams per 100 cc. with a ratio of albumin to 
globulin (A/G) of 1.75. The venous pressure had risen by 10 cm. of .saline 
solution, the heart had sharply increased in size and the basal metabolism had 
increased more than 30 per cent in two weeks, d reatment consisted of bed 
rest, fluids limited to 1500 cc. daily, diet about 3000 Gal., and ammonium 
chloride. After a day or two diuresis began and he quickly lost ten pounds. 
.\11 signs of heart failure were gone and he was discharged in a week. This 
subject had no further difficulty. 
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SUMMARY 

1. Measurements of the heart and its function were made on 32 normal 
young men in rest before, during, and after six months of semi-stan-ation in 
which one-fourth of the body weight was lost. These men developed the 
typical signs associated with severe famine. 

2. During semi-starvation the heart decreased in all dimensions and assumed 
a more upright position in the chest. The total volume reduction averaged 
16 per cent and the stroke volume reduction 18 per cent. The systolic blood 
pressure fell 12 mm. and the diastolic pressure 6 mm. The venous blood pres- 
sure was not more than 50 per cent of the normal level. The heart rate a\ er- 
aged 37 beats per minute. There was slight cyanosis of the nail beds but no 
dyspnea. 

3. During semi-starvation the physical work done by the heart, compared 
with the control period, averaged 72 per cent per beat, 49 per cent per minute 
and 41 per cent per unit of time in contraction. The mean oxygen saturation 
of the ^'enous blood fell from 20 to 30 per cent and the oxygen content from 
35 to 40 per cent. The margin of safety represented by t he ratio of the metabo- 
lism to the oxygen circulated in the blood fell to half the normal average. 

4. In the first 12 weeks of rehabilitation on controlled diets the heart size 
returned almost to the control level but all other characteristics showed only 
relatively small recovery, being generally somewhat less than in proportion 
to the recovery of lost body weight. 

5. During these first 12 weeks of rehabilitation neither vitamin nor protein 
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supplementation had significant effects on the recovery of cardiovascular 
function. 

6. After 20 weeks of rehabilitation, the last eight being on unlimited diets, 
the body weight was fully restored and the total heart size was slightly greater 
than before starvation. But at this time the work done by the heart per min- 
ute was still about 10 per cent below the control and only about half of the 
lost margin of safety had l>een restored. 

7. After 32 weeks of rehabilitation, the last 20 weeks being on unlimited 
diets, the majority of cardiovascular measurements were back at the control 
level but the oxygen pulse was not completely at the former value. 

8. During the first few months of rehabilitation the stroke output per unit 
of diastolic heart volume decreased compared with both the control and the 
semi-starvation values. There were some other signs that the heart was closer 
to failure in early rehabilitation than in starvation. One case of congestive 
failure in rehabilitation responded promptly to conservative management. 
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Edema, commonly known as famine, hunger or war edema, is an outstanding 
characteristic of persons who have undergone prolonged caloric undemutrition. 
The great loss of cellular materials, the disappearance of adipose tissue and the 
reduction of muscle tonus in starved persons make it difficult to estimate the 
magnitude of the fluid changes clinically. 

1 his paper is a report on the results of measurements of plasma volume by 
the dye method (T1824) and of the thiocyanate space, as an estimate of extra- 
cellular fluid, in men who were experimentally brought to a severe state of under- 
nutrition and then rehabilitated. Thirty-two normal young men subsisted on 
a European type of famine diet for 24 weeks during which time they lost an 
average of about one-fourth of their body weight. Thereafter they were main- 
tained on restricted rehabilitation diets for 12 weeks and then allowed to eat 
at will. Observations in the rehabilitation phase of the experiment were con- 
tinued for a year after the end of the semi-starvation ; at the time of the final 
observations these men were fully restored to their pre-stan ation state with 
regard to all of the many functions and characteristics tested. 

After about 8 weeks on the famine regimen a few of the subjects showed signs 
of clinical-edema and as the semi-starvation continued the freipiency and severity 
of the edema cases increased. By 24 weeks 28 out of the 32 men had exhibited 
edema, although in some instances the edema appeared to fluctuate. Grading 
the edema on a total scale of 0 to 4-|-, the majority of the men were graded 
1-f- (minimal pitting edema of the shins), 7 to 10 (depending on the observer 
and the occasion) were graded 2-|-, and 2 men were graded 3-|- ; none of the men 
was graded 4+ (general anasarca with ascites) at any time. Besides the edema, 
the.se men exhibited the typical signs of severe starvation as seen in European 
famine and in the German concentration camps — weakness, anemia, depression, 
polyuria, bradycardia, lowered metabolism and cold intolerance. Further 

‘ The work descried -in this paper was initiated under sponsorship of the Brethren Ser- 
vice Committee, Elgin, Illinois, the Service Committee of the Society of Friends, Philadel- 
phia, the Mennonites Central Committee, Akron, Pennsylvania, the John and Mary R. 
Markle Foundation, New York, the Sugar Research Foundation, New York, the National 
Dairy Council, operating on behalf of the American Dairy Association, Chicago, and the 
Home Missions’ Board of the Unitarian Society, Boston. Later, this work was supported, 
in part, under the terms of a contract, recommended by the Committee on Medical Re- 
search, between the Regents of the University of Minnesota and the Office of Scientific 
Research and Development. During the later stages of rehabilitation this contract was 
transferred to the Office of the Surgeon General, U. S. Army. 
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details are provided in separate papers dealing with other aspects of the Min- 
nesota Experiment (Keys et al, 1947 ; Brozek el al, 1947 ; Simonson ei al.,1947). 

Methods. The plasma volume was estimated at regular intervals by the dye 
dilution (T1824) method described by Gibson and Evans (1937) and Gibson 
and Evelyn (1938). The estimates were made in the basal state in the morning 
and were in all cases preceded by a minimum of two hours of inactivity and one- 
half hour of supine rest. During most of the testing periods, the estimates 
were done in duplicate four to seven days apart so as to gauge the reliability 
of the results. All blood samples— the dye-free, and the 20, 30, and 40 minute 
post-injection samples— were drawn in oiled syringes and 20 gauge needles with a 
minimum of stasis from the antecubital veins, and the blood was immediately 
delivered into paraffined centrifuge tubes containing approximately 2 mgm. 
of heparin. Hematocrit values were determined on the dye-free and the 20- 
minute dyed samples. The theoretical L values were determined by plotting 
the corrected L values against time and extrapolating liack to zero (dye injection) 

time. ... 

In the tests at 24 weeks of semi-starvation and at all the rehabilitation penods, 
thiocyanate space was estimated simultaneously with the plasma volume by 
using an injection mixture of the blue dye (T1824) and sodium thiocyanate. 
The injection mixture contained pier 10 cc. (the volume injected) approximately 
10 mgm. of T1824 and 500 mgm. of sodium thiocyanate. The absolute con- 
centration of T1824 and sodium thiocyanate was accurately determined for 
each batch of injection mixtures. Blood samples for the thiocyanate space 
determinations were taken before and at 10, 20, .30, 40, and 50 minutes after 
the injection of the T1824-thiocyanatc mixture. The basal and the 20 , 30, 
and 40 minute post-injection blood samples were the same ones that were used 
for the plasma volume estimations. The determination of the concentration 
of the sodium thiocyanate in the plasma samples and the calculation of the 
thiocyanate space were made according to the procedure of Bowler (1944). 
This method was modified so that the intensity of the color in the final solution 
was determined by means of the Evelyn photoelectric colorimeter with a 440 
mfjL filter. 

All the post-injection plasma samples were corrected for the amount of thio- 
cyanate-like material that was present in the basal sample. The concentration 
of thiocyanate in the five post-injection samples was plotted against time. If 
a distinct break occurred in the disappiearance curve, that point was taken as 
the equilibrium concentration of thiocyanate in the body fluids and was iised 
in the calculation of the thiocyanate space. In the cases where no distinct 
break occurred in the disappiearance curve the mean of the equilibrium times 
for the other subjects in the same group was arbitrarily used. The thiocyanate 
space was calculated as liters of extracellular fluid and as per cent of the body 
weight. No correction w'as made for the thiocyanate that may have entered 
the red blood cells. 

Results. Plasma volume. The principal results for the plasma volumes 
in the control and semi-starvation periods, and through the eleventh week of 
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rehabilitation, are summarized in table 1. The total plasma volume in liters 
at any one time will be referred to as the absolute plasma volume whereas the 
volume m cubic centimeters jier kilogram of body weight will be called the rela- 
tive plasma volume. 

Two independent trials during the control (pre-star\’ation) period gave 
absolute plasma volume averages of 3.130 and 3.1C5 liters, or relative plasma 
volumes of 45.01 and 45.57 cc. per kgm. The relative plasma volume continued 
to rise during semi-starvation until after 24 weeks of semi-starvation (S24), 
when the body weight had decreased about 24 per cent, the relative plasma 
volume was 41.7 per cent greater than in the normal (control) state; whereas 
the absolute plasma volume at this time had increased only 8.9 per cent. The 
total blood volume at S24 had decreased by 8.6 per cent, reflecting the 21 0 
per cent decrease in the hematocrit value and the considerable degree of anemia 
that had developed. There was, actually, very little overlapping of the ranges 
of relative plasma volumes at the control period and S24; the ranges were 35.3 
to 55.9 and 49.9 to 81.9 cc. per kgm., respectively. 

TABLE 1 

7 otal and relative plasma volumes in liters and cubic centimeters per kilogram of body weight 
respectively, and hematocrits taken on two occasions in the control period, at li {Ste) and 
m (SH) weeks of semistarvation and S (R5) and It {Rtl) weeks of rehabilitation. Mean 
values for the numbers of men indicated. 


PEBIOD 

CONTBOI. 1 

CONTROL 2 

sl2 

S24 

r5 

Kll 

Number of men 

32 

30 

18 

32 

14 

16 

Body weight kgm 

69.54 

69.45 

58.90 

53.45 

54.49 

57.95 

Plasma vol. liters 

3.130 

3.165 

3.176 

3.410 

3.232 

3.090 

Plasma vol. cc. /kgm 

45.01 

45.57 

53.92 

63.80 

59.31 

53.32 

Hematocrit % 

46.29 

46.68 

39.85 

36.60 

38.16 

39.51 


Ihe first few weeks of restricted rehabilitation were accompanied by a slight 
decrease in the relative hydremia. At 11 weeks of rehabilitation (Rll) the 
body weight was still 16.7 per cent below the control weight, but the absolute 
plasma volume was back to the pre-starvation value. At R1 1 the mean relative 
plasma volume was 18.4 per cent above the previous control value, that is, about 
the same as at S12 when the body weight was also very similar. 

Later rehabilitation data were obtained on only a few of the subjects. A 
clear idea of the relative hydremia in the later stages of rehabilitation can, how- 
ever, be obtained from four subjects on whom more complete data are available 
for 19, 35, and 55 weeks of rehabilitation. The data are summarized in table 
2. The decrease of the relative plasma volume from the twelfth to the nine- 
teenth week of rehabilitation was rapid. Although the averages of the four 
men for both the absolute and relative plasma volumes were within normal limits 
from R|9 through R55, some of the subjects in this group showed marked devia- 
tions llpm the averages. 

T^nyanate space. Measurements of the thiocyanate space were made at 
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the end of semi-starvation (824) and at various times during rehabilitation. For 
an estimate of the pre-starvation values, control measurements were made 
on 21 normal young men who resided with the starvation sul)jects, but who 
w'ere in a normal state of nutrition. The data for the semi-starvation and 
control groups are summarized in table 3. 

TABLE 2 


Total and relative plasma volumes in liters and cubic centimeters per kilogram of body weight, 
respectively, for 4 subjects at control, H weeks of semi-starvation {S24) and 11 (RU), 19 
{R19), 38 (R3S) and 55 {R55) weeks of rehabilitation. 


SUBJECT NO. 

CONTROL 

s24 

Rll 

r19 

r35 

- 

rS5 

liters 

cc./ 

kgm. 

liters 

cc./ 

kgm. 

liters 

cc./ 

kgm. 

liters 

cc./ 

kgm. 

liters 

cc./ 

kgm. 

liters 

cc./ 

kgm. 

2 

3.430 

46.5 

4.250 

74.2 

4.420 

72.3 

3.183 

42.4 

3.536 

45.3 

3.612 

50.4 

lOf) 

3.102 

40.0 

3.938 

66.8 

3.442 

53.4 

3.343 

43.0 

3.314 

42.3 

3.037 

37.8 

112 

2.781 

44.9 

2.835 

54.1 

2.907 

49.8 

2.976 

46.1 

2.786 

41.5 

2.929 

44 . 3 

130 

3.540 

50.2 

4.349 

81.9 

3.472 

62.6 

3.229 

43.3 

(3.100)* 

(41.2)* 

2.908 

80.9 

Mean. . . 

3.214 

45.4 

3.843 

69.3 

3.560 

59.5 

3.182 

43.7 

3.184 

; 42.6 

3.121 

43.4 


* Calculated by the missing data formula. 


TABLE 3 


The thiocyanate space at U i^'ceks of semi -starvation {S24), 5 {R5), 11 {Rll), 19 {Rl9) and 
85-55 {R85-55) weeks of rehabilitation. The control data are for a comparable group of ^1 


young men who were on an adequate diet. 

ITEU 1 


Mean SCN space % body wt... 
Max. SCN space % body wt., 
Min. SCN space % body wt.. . 
S.D. d= SCN space % body wt 
Total liters of SCN space 


Number of cases 


S24 


23.50 

26.3 

20.2 

1.65 

17.13 


33.98 

38.7 

30.3 

2.81 

17.88 


30.53 

31.3 

25.9 

2.37 

17.93 


23.75 

25.8 

22.3 

1.29 

16.88 


E3S-55 


23.51 

26.1 

21.3 

1.43 

17.06 


21 


17 


16 


13 


The average thiocyanate space in the control group was 17.13 liters or 23.50 
per cent of the body weight, with a rather narrow range of 20.2 to 26.3 per cent 
and a S. D. = ± 1.65. Near the end of the semi-starvation period the thio- 
cyanate space averaged 33.98 per cent of the body weight, range 30.3 to 38.7, 
g ^ 2.84. There was, however, only a relative increase in the body 

hydration; actually the total absolute thiocyanate space remained remarkably 
constant throughout the entire experiment (table 3). After 11 weeks of 
restricted refeeding the thiocyanate space, as per cent of the body weight, 
decreased to 30.53 per cent; a decrease of about 10 per cent from the S24 high. 
With the institution of the unrestricted diet after R12 the thiocyanate space 
rapidly returned to the normal level. 
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The abnormality of the relative hydration in semi-starvation is best indicated 
by ealculatjons of the thiocyanante space which is in excess of the normal pro- 
portion; this was taken to be 23.5 per cent of the body weight. If F is the frac- 
tion of the body designated by the thiocyanate space, and W is the body weight 
then the excess hydration {E) in semi-starvation would be estimated as; 

(1) E = FW - 0.235TF 

This calculation, however, neglects the fact that the mineral mass of the 
skeleton, which makes up about 4 per cent of the body weight, is substantially 
unchanged m semi-starvation. A more accurate formulation would then be- 

(2) E = FW- 0.235 (TF-0.04IFo), where Wo is the body weight before starva- 
tion. 

Equation (2) applied to the average data for S24, Rll and R19 yielded the 
results summarized in table 4. At the end of semi-starvation the subjects had 
in their bodies an average of 6.25 liters (13.8 lbs.) of excess extracellular fluid. 
Ihe ma.]or portion of the excess hydration persisted through the first 11 weeks 
of restricted rehabilitation blit had almost entirely disappeared at R19. 


TABLE 4 

Average excess hydration in liters and per cent of body 
{SB4) , 11 {Rll) and 19 {R19) weeks of rehabilitation, 
cellular fluid. 


weight at the end of semi -starvation 
These estimates refer solely to extra- 



Thwcyanale space and clinical edema. The relation between thiocyanate 
space and the total mass of the body, or the mass of the body less thiocyanate 
space, is a measure of the extracellular hydration. In a normal state of health 
and nutrition the percentage of the total body weight represented by the thio- 
cyanate space in young men was found to be relatively constant in 21 cases- 
as we have noted, the mean was 23.50, S. D. = ±1.65; in 13 determinations 
m the stervatioH subjects after complete recovery, the mean was 23.51 per cent. 
The high degree of constancy of these results suggests that it should be feasible, 
m these young men, to consider the amount of thiocyanate space in excess of 
23.5 per cent of the body weight as relative edema; in the present subjects the 
calculations indicate that at the end of semi-starvation (S24), 10.48 per cent of 
the body weight was ^^thiocyanate edema fluid. 

In 18 subjects clinical estimates of edema were made by several observers 
at about the same time as the thiocyanate space was measured in them. The 
relation between the clinical estimates and the “thiocyanate edema fluid” is 
given in table 5. On the average the difference between the subjects who were 
clinically edema-free and those who were graded edema 2-f- and 3-f corresponded 
to the difference between 7.8 per cent and 12.2 per cent of the body weight as 
exce^ thiocyanate space or thiocyanate edema fluid. This corresponds to an 



PLASMA VOLUME AND THIOCYANATE SPACE IN FAMINE EDEMA 175 

average of about 2.3 kgm. (5.1 lbs.) of fluid as the difference between very marked 
edema and no recognizable edema. Equally interesting is the fact that in these 
men clinical edema could not be recognized until about 10 per cent of the body 
weight was made up of excess thiocyanate space. 

Clinical character of the edema. We have already remarked on the general 
severity of the edema produced in this experiment but some further details are 
of interest. The edema was of the soft, dependent type as is generally the case 
with the edema seen in famine areas. In most of the men it was limited to the 
face and lower legs; in some cases one or both eyes would be almost swollen 
shut in the morning when the}^ woke up; later in the day the feet and ankles 
would swell as the facial puffiness diminished. Repeated examinations failed 
to reveal any signs of either ascites or hydrothorax at any time; this again is 
similar to “natural” famine edema where accumulations of fluid in the body 
cavities is not common except in the presence of other complications. 

TABLE 5 

Relation between clinical edema and the percentage of the body weight represented by ‘‘thiocya- 
nate edema fluid,** i.e., thiocyanate space in excess of 2S.5 per cent of the weight. The mean 
values tabulated are for the thiocyanate edema fluid as a percentage of the body 
weight. “No.** is the number of men in the group. 


EDEMA-FKEE 

EDEMA 1+ 

EDEMA 2+ TO 

No. 

Mean 

Range 

No. 

Mean 

Range 

No. 

Mean 

Range 

6 

7.8 

6. 7-8.0 


10.9 

7.6-15.2 

5 

12.2 

8.2-14.6 


Some of the subjects developed accumulations of fluid in the knee joints; 
in several cases this was enough to be troublesome in walking. Systematic 
examinations toward -the end of the semi-starvation period revealed a “floating” 
patella in 16 of the men (50 per cent). Excluding the 4 men who showed no 
clinical edema at any time, the incidence of definite edema of the knee joint was 
57 per cent. In view of the rather moderate degree of general edema in these 
men this seems to be an unusually high percentage. 

In rehabilitation clinical edema tended to disappear rather rapidly i^nd, except 
for puffy eyes in the morning and occasional brief episodes, was gone after 6 
weeks. When unlimited feeding was resumed after 12 weeks several men had 
brief recurrences of edema; unfortunately the body fluids were not estimated in 
these individuals during these episodes. 

Intravascular versus extravascular hydration. When calculated per unit of 
body weight, the mean plasma volume and thiocyanate space rose in semi- 
starvation to very much the same extent — 41.7 and 44.6 per cent, respectively. 
The question then arises as to the correlation between the relative hydration 
of blood and the tissues. Since the thiocyanate space includes the plasma, it 
is necessary to subtract the plasma volume from the extravascular fluid space 
(thiocyanate space) if the two distinct body compartments are to be compared. 

The correlations for the individual data summarized in tables 1 and 3 have 
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been made. For 34 pairs of observations made on subjects in the normal nutri- 
tional state, the coefficient of correlation between the plasma volume and the 
extravascular fluid volume, both expressed in cubic centimeters per kiloeram 
o )(^y weight, was +0.421. The coefficient of correlation was +0.215 for 
the 1 1 pairs of observations at S24. For the entire data of 85 pairs of observa- 
tions, including controls, semi-starvation and rehabilitation, the coefficient of 
correlation was +0.706; the correlation surface is given in figure 1. 
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correlation between plasma volume and extracellular fluid volume both 
expressed in cubic centimeters per kilogram of body weight, for 85 pairs of obLrvkS 
including control, semi -starvation and reiiabilitation values. 

uniformly show a. 

relative increase in hydration but there have been few serious attempts to ex- 
amine the phenomenon further. The fact itself wa.s amplv documented 40 
years ago (cf. Morphs, 1923). E.xperimental demonstrations of the production 
of eclema by protein deficiency and the finding of hypoproteinemia in cases of 
famine edeina in the Orient led to the general belief that famine edema is simply 
a manifestation of a low colloid osmotic pressure in the pla.sma. It now appeam 
that though this mechanism may play a rdle, the edema of simple starvation 
IS not due solely to this change (Keys et al., 1946). 

Certainly famine edema can appear without any marked hypoproteinemia 




177 


PLASMA VOLUME AND THIOCYANATE SPACE IN FAMINE EDEMA 


or even hypo-albuminemia and the severity of the edema does not bear any 
clear relation to the concentration of proteins in the plasma (e.g., Jansen, 1920; 
Youmans et al., 1932; Kostyal, 1935; Jimenez Diaz etal., 1942; Gounelle ei of., 
1942; Warembourg et al., 1942; Nicaud et al., 1942; Morpn et al., 1946). In 
the Minnesota Experiment the plasma protein concentration m starvation fell, 
on the average, only 0.73 gram per 100 cc. and the ratio of albumin to globulin 
was even less affected. Relative congestive heart failure was ruled out by the 
fact that the venous pressure did not rise but actually fell to the low average of 
4 8 cm of saline. The absence of any loss of capillary impermeability to col- 
loids was shown by the fact that the edema fluid, obtained by direct drainage, 
contained extremely little protein-less than 0.2 gram per 100 cc 

Whenever people subsist in a grossly negative calonc balance and undergo 
a rapid and large loss of body tissue, edema appears. A second basic fact is 
strongly indicated by the present results. The edema tends to be the expression 
of only a relatively excessive hydration. The absolute thiocyanate space re- 
mains remarkably constant and the “blame” for the edema might equally well 
be placed on the wasting away of the cellular elements of the body. Both the 
plasma and the extravascular fluid tend to maintain their absolute volumes at 
the pre-starvation levels. 

The question might be asked: What mechanism is there which would operate 
to cause the fluid mass of the body to shrink in proportion to the cellular ele- 
ments? In other words, why should we expect that there would not be a rise 
in the relative proportion of fluid? We may conceive of the normal (P^e-starva- 
tion) relation between fluid and tissue in the body to have been established by 
growth and development in a normal architecture of fixed structures and elastic 
forces. The diminution of the cells does not necessarily reduce the space avail- 
able for fluid; indeed, elastic hindrances to expansion of that space should be 


There are few data in the literature on starvation which bear directly on the 
present results. In 5 moderately underweight persons Perera (1946) reported 
a mean plasma volume which was 17.5 per cent above the normal average when 
calculated per square meter of body surface but when the data were expre^ed 
in cubic centimeters per kilogram of body weight the excess amounted to only 5 
per cent. More useful data were obtained by MoUison (1946) on 6 males and 9 
females studied at the Belsen prison camp at the time of liberation (teble 6). 
Edema classified as 1 -|- to 3-1- was present in 4 of the males and 5 of the females. 
The plasma volume averaged 64.1 cc. per kgm. of body weight at the time of 
examination. This may be compared with our average of ^-80 cc- per k^. of 
body weight for 32 men after 23 weeks of semi-starvation. It will be noted that 
our average before starvation was 45.01 cc. per kgm. and this is exactly the same 


as Gregersen’s (1944) normal average. 

Mollison’s data are incomplete regarding weight loss; 4 of his patients were 
included in a group of 11 Belsen inmates for whom an average weight loss of 
38.8 per cent was estimated on the basis of statements from the patients. 1 he 
actual weight loss was probably somewhat smaller than this, since starved persons 
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invariably over-estimate their pre-starvation weights and their starvation 
losses. In any case it may l>e presumed that the average weight loss for the 
Belsen inmates involved in the plasma volume work was something between 
30 and 38 per cent. It is interesting to attempt the calculation of weight loss 
for the Belsen males from the plasma volume data. Assuming the absolute 
plasma volume was substantially constant and had amounted to 45 cc. per kgm. 
of body weight before starvation, the pre-starvation weight of the men would be 
estimated to have averaged 64.5 kgm. This indicates a loss of 22 kgm. or 34.1 
per cent of the original body weight. 

There are no data in the literature on the thiocyanate space in famine victims 
and we have been unable to discover any efforts in this direction in extensive 
correspondence and personal contacts with workers in the field. 

TABLE 6 

Body weights in kilograms ^ plasma volume in liters and plasma volume in cubic centimeters 
per kilogram of body weight of the males and females for the total group, and for those with 
and without edema. 7'he values were calculated from the data presented by Mollison (1946) 
for severely starved internees at the Belsen prison camp. 


1 

TOTAL GROUP 

WITH EDEMA 

WITHOUT EDEMA 


Body Wt. 

PI. Vol. 

PI. Vo!. 

Body Wt. 

PI. Vol. 

PI. Vol. 

Body Wt. 

PI. Vol. 

PI. Vol. 

Males 

Females. . . 
Mean. . . 

kgm. 

42.5 

38.4 

40.5 

liters 

2.90 

2.22 

2.56 

cc.fkgm. 

68.4 

59.7 

04.1 

kgm. 

42.5 

42.1 

42.3 

liters 

2.83 

2.24 

2.54 

ec.fkgm. 

66.4 

55.3 

60.9 

kgm. 

42.5 

33.8 

38.2 

liters 

3.05 

2.20 

2.64 

cc.fkgm. 

72.5 

'65.2 

68.9 


On the average, both plasma volume and thiocyanate space tend to remain 
absolutely constant in starvation. This does not mean, however, that these 
fluid compartments do not vary from time to time in starved individuals. In 
the Minnesota Experiment body weight was obtained under highly standardized 
conditions every morning on arising. Both short-time and long-period fluctua- 
tions occurred which can only be interpreted as sudden changes in the fluid 
balance. An example is shown in figure 2. These shifts were apparently spon- 
taneous and could not be traced to alterations in activity or other changes; 
the rigid constancy of the regimen in the Minnesota Experiment left small room 
for accidental changes. Similar and greater individual fluctuations in weight, 
presumably involving changes in the extracellular fluid, are frequently seen in 
famine victims and, for that matter, in all kinds of edema. 

The physical meaning of the thiocyanate space is still open to doubt. Al- 
though it is agreed that it is related to the extracellular fluid volume of the body, 
the question as to exact identity may be argued. Lavietes, Bourdillon and 
Klinghoffer (1936) found thiocyanate, sucrose and inorganic sulphate are all 
distributed through approximately the same fraction of body fluid and all show 
changes in the direction predicted when measures are Aised to change the extra- 
cellular space. In 13 good experiments on 5 normal men they got a range of 
20.1 to 26.1 per cent of the body weight for the thiocyanate space; this is almost 
identical with the results here in a normal state of nutrition. 
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Winkler, Elkington and Eisenman (1943) studied 3 dogs with injections of 
thiocyanate, t3»» and Na^^ and found these to be distributed through approxi- 
mately 36, 25 and 28 per cent of the body weight, respectively. They concluded : 
“The volume of distribution of sulfocyanate is therefore not a satisfactory 
absolute measure of the volume of the extracellular fluid. Under niost condi- 
tions, however, it may be a useful relative measure, i.e., changes in its volume 
of distribution may reflect changes in extracellular fluid.” But the distribution 
volume for thiocyanate they obtained is very much higher than found m n*'™'*'* 
man and also sharply distinct from that found in dogs by others. Mellors 



Fig. 2. Daily body weights for subject 1 during the fifth luoiith of semi-starvation il 
lustrating spontaneous daily weight variations. 


el al. (1942) found average thiocyanate spaces in 2 senes of 9 dogs each of 2o.9 
and 28.7 per cent of the body weight. 

SUMMARY 

1 Plasma volume ('r-1824) and thiocyanate space were estimated in a group 
of voung men during a control period, after 6 months of semi-starvation in 
which about one-fourth of the body weight was lost, and at intervals up to one 
year during rehabilitation. Clinical edema developed in 28 out of 32 subjects 
and the clinical picture was typical of European famine. 

2. In control observations in the normal state of nutrition the plasma volume, 
in cubic centimeters per kilogram of body weight, averaged 45.01, S. . - 
db4.00. In the same condition the thiocyanate space averaged, in pei (en 
of the body weight, 23.50, S. D. = ±1.G5. 
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3. The absolute amount of plasma increased slightly during semi-starvation 
but promptly returned to normal when refeeding was instituted. The absolute 
thiocyanate space remained substantially constant at all times. 

4. Relative plasma volume, in cubic centimeters per kilogram of body weight, 
increased by an average of 41.7 per cent during semi-starvation and was back 
to normal after 5 months of refeeding. 

5. Thiocyanate space, in cubic centimeters per kilogram of body weight, 
increased by an average of 44.6 per cent in semi-starvation and was substantially 
back to normal after 5 months of refeeding. 

6. In 85 pairs of observations covering the entire experiment the coefficient 
of correlation between plasma volume and extravascular fluid volume, both 
expressed as cubic centimeters per kilogram of weight, was +0.706. 

7. Calculation of the thiocyanate space in excess of the normal proportion 
to body weight indicated that this '‘thiocyanate edema” was related to clinical 
edema but that clinic.al edema could not be discerned until the thiocyanate 
edema amounted to more than 8 to 10 per cent of the body weight. 

8. The edema in simple caloric starvation is largely a reflection of a reduction 
in cellular mass without large change in the absolute amount of extracellular 
fluid. 
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The r61e of the sympathetic nervous system and of adrenalin in the regulation 
of muscle circulation in man is not clear. That the problem is of considerable 
physiologic and clinical interest is evident from the recent widespread use of 
sympathectomy in peripheral vascular disease. 

A great deal of information has been obtained from animal experimentation. 
According to McDowall “. . . the sympathetic constricts especially the vessels 
of the skin and intestines, while it dilates, usually, but not always, the vessels 
of the muscles and the heart’’ (1). Dilatation of blood vessels of the muscle by 
injection of small doses of adrenalin in animals has been reported repeatedly. 
Clark (2) and Roome (3) found a twofold cffect—dilatation and constriction— of 
a single intra-arterial dose of adrenalin upon the blood flow in the skeletal muscle 
of anesthetized animals. Rein et al. (4) observed a constrictor actior^ of adrenalin 
and of sympathetic impulses, in the anesthetized dog, if the muscle was at rest; 
in the contracting or hyperemic mus(4e, adrenalin injection and sympathetic; 
stimulation respectively were ineffective or had a dilator effect. 

In man, Grant and I’earson (5) concluded on the basis of intravenous injections 
of small doses that adrenalin was a true vasodilator for the muscle. Eichna and 
Wilkins ((>) found that mild sympathetic stimuli produced little or no change 
in the circulation of resting human muscle. Stronger stimuli (which usually 
elevated the blood pi-essure) resulted in no change, in decrease, or most frequently 
in increase of blood flow of resting or hyperemic muscle. Barcroft et al. (7) 
showed that blocking the nerve supply to the human forearm with procaine 
(Effected an increased blood flow to the muscles. In a sympathectomized person, 
however, the nerve block had no influence upon the circulation. They concluded 
that muscle vessels, in the human, posse.ss sympathetic constrictor fibres and tone. 
In a recent publication, Allen, Barcroft et al. (8)^ report the results of intravenous, 
and in two cases, of intra-arterial infusion of adrenalin. The infusion of adren- 
alin into the femoral artery resulted in vasodilatation in the calf muscles. 

The available studies of sympathetic and adrenalin effects upon the circulation 
in muscle are obviously confusing. Experiments on anesthetized animals have 
been criticized as being unreliable for vascular studies. Intravenous injections 

» Part of the expense of this work was defrayed by a grant from the Martha Hall Founda- 
tion. 

* Fellow of the Baruch Committee on Physical Medicine. 

* This paper published in December, 1946, came to our attention after our experimental 
work was nearly completed. 
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and reflex sympathetic stimulation result in a mixture of systemic cardiovascular 
adjustments which make an analysis of direct local effects hazardous. It 
appeared to us that the effect of single intra-arterial injections of adrenalin in 
man offered the best approach to this problem. 

Method. The plethysmograph of Abramson (11) was u^d for estimating 
blood flow. Determinations were made on the upper extremities of subjects with 
clinically normal peripheral circulation. Their age ranged from 23 to 54 years. 
They were seated, comfortable and relaxed, with the extremity proximal to 
the plethysmograph supported by a soft pillow. In all experiments, a basa 
period of complete rest for half an hour preceded the determinations. Ihe 
room temperature during experiments was fairly constant at 22°C. and vane 
less than two degrees. The water temperature in the plethysmograph was main- 
tained between 32°C. and 34°C.; in a few instances, it was kept between 35 C. 

and 37®C. . 

The recording alpparatus consisted of a tambour with an ink writer, liming 
was by means of a stop-watch. For the forearm measurements, the hand circula- 
tion was excluded by placing a tourniquet 4 cm. wide about the distal portion ot 
the forearm close to its emergence from the apparatus. This remained m place 
for 25 to 30 minutes. Lewis has shown that this does not affect significantly 
measurement of forearm blood flow. 

In all experiments control blood flow measurements were made. Jt was leit 
that variations of 20 per cent in successive blood flow determinations could not 
be regarded as significant of change in blood flow. Because of the type of re- 
cording device used, any marked drop in blood flow was represented in our records 
as a horizontal line which in the tables is designated “O” Iflood flow. Ihis is 
not meant to indicate an absence of blood flow. ..,* 1,1 

' Intra-arterial injections were made into the brachial artery, distal to the col- 
lecting cuff and close (usually less than 1 inch) to the enclosed portion of the 
forearm. Very sharp, long bevelled, 22 gauge needles were used. Contrary to 
most reports the actual penetration of the arterial wall caused little if any pain or 
discomfort. If pain was prwluced in finding the artery, it was slight and tran- 

When two substances were injected in succession, one arterial puncture nas 
made, the needle then being left in place, and only the syringes interchange . 
Substances injected were made up in normal saline within several minutes ot 
use; the largest volume injected was 0.3 cc. 

The procedures catried out were as follows: ^ 

1. Intra-arterial injection of adrenalin in the resting foreiirm ; saline controls. 

2. Intra-arterial injection of adrenalin during reactive hyperemia. 

3. Intra-arterial injection of adrenalin after intra-arterial injection of histamine. 

4. Simultaneous intra-arterial injection of adrenalin and histamine. 

5. Adrenalin intravenously, measuring— a, forearm blood flow;— b, hand 

6. Reflex vasoconstriction, measuring— a, forearm blood flow;— b, hand blood 
flow. 
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Results. 1. IiitrcL-aTterial injection of odTenalin in the resting forearm. In 
preliminaiy experiments, intra-arterial doses of 5 gamma adrenalin produced 
tremor, pallor and anxiety as well as rise in blood pressure. Doses of 2 gamma or 
less did not produce such effects although in those experiments in which it was 
measured the blood pressure showed a slight to moderate rise. In no instance 
where it was measured did the blood pressure fall after any dose of adrenalin. 

Intra-arterial injection of 1-2 gamma adrenalin in six experiments on six 
subjects produced marked and immediate reduction in blood flow which was 
maintained for approximately ninety seconds and then returned graduall.v to 
normal. In most instances records were made for more than three minutes, 
the table gives the significant figures only. The flow cur\'es during marker 
constriction show strikingly the disappearance of pulsations. In two instances, 


TABLE 1 


Intra-arterial injection of adrenalin 


SUBJECT 

BESTING BLOOD FLOW* 

GAMMA ADRENALIN 

nL(X)D FLOW AFTEK ADRENALIN t 

w. s. 

2.8 

2.0 

34 seconds :0 

119 seconds :0 

A. W. 

5.4 

2.0 

47 seconds :0 

125 see ‘lids: 3. 3 

A. M. 

2.3 

2.0 

15 secondstO 

86 seconds: 0.96 

A. A. 

2.3 

1.5 

48 seconds: 0.7 

176 seconds: 2.4 

K. H. 

1.7 

1.0 

40 seconds :0 

91 seconds: 1.6 

J. B. 

1.6 

0.5 

12 seconds:! .8 

70 seconds:! .4 

188 seconds: 1.5 

S. w. 

2.6 

0.5 

16 seconds: 2.1 

52 seconds:! .8 

88 seconds: 2. 5 

A. M. 

2.0 

0.1 

15 seconds: 2.0 

45 seconds: 1.5 

75 seconds:! .8 

K. H. 

3.3 

0.05 

15 seconds: 7. 4 

45 seconds: 9. 1 

135 seconds: 2.0 

L. G. 

1.3 

0.05 

45 seconds: 4.0 

74 seconds: 1.6 
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TABLE 1 — Concluded 


SUBJECT 

BS8T1NO BLOOD BLOW* 

OAIUU ADBENAUN 

BLOOD FLOW AFTEB ADBENAUMf 

M. C. 

2.7 

0.03 

15 seconda:3.5 

75 seconds :4.0 

135 s6Conds:3.2 

B. S. 

1.0 

0.01 

30 seconds:5.5 

60 8econds:0.2 

150 seconds: 0.5 

L. G. 

2.5 

0.002 

12 seconds: 6. 9 

92 seconds: 2. 4 

L. G. 

2.0 

0.0002 

13 seconds: 6. 8 

34 seconds: 4. 8 

107 seconds: 0.7 

J. N. 

2.4 

0.0002 

15 seconds: 5. 4 

40 seconds: 3. 7 

179 seconds: 1.9 

L. G. 

2.5 

0.00002 

15 seconds: 2. 7 

30 seconds: 3. 2 


* Blood flow in cc./min./lOO grams tissue in all tables. 

t Recorded at stated time after injection. 

In all experiments observations at rest were made until three constant readings were 
obtained. Changes in blood flow were followed at ^ minute intervals until the flow returned 
to resting level. Fifteen to 20 readings were needed in each instance. 

recording was made without the collecting cuff in order to demonstrate the 
marked reduction in the volume of the forearm. 

With doses of 0.5 and 0.1 gamma in four experiments on three subjects there 
was no significant alteration in the blood flow. The variations tabulated are 
within the limits of error of the method. 

Doses of 0.05 and 0.03 gamma increased the blood flow markedly in two in- 
stances and significantly in a third; the vasodilatation was transient. In one 
subject it was followed by a drop below the control level after 105 seconds. 

Doses of 0.01 , 0.002 and 0.0002 gamma adrenalin in five experiments on three 
subjects also produced vasodilatation. Its intensity was not different from that 
of larger dilating doses. It was followed in two experiments by a definite and 
in one other by a slight vasoconstriction. 

A dose of 0.00002 gamma produced no significant change in the blood flow. 

The average increase over resting blood flow by these doses of adrenalin was 
198 per cent, varying from a minimum of 48 per cent to a maximum of 450 per 
cent. 

It does apparently not reach the much higher levels seen by us during reactive 
hyperemia and known to occur during exercise. 

Several facts brought out by these experiments deserve emphasis. The two 
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"'TSmarterial iniection of 0,2 cc. »lin‘c prod, .cod no alteration in the (ore- 
arm blood flow in seven subjects. 


TABLE 2 


Intra-arterial injection of adrenalin during rea ctive hyperemia_ 


in 

SUBJECT 

s. w. 

ira-arLcri,ut> 

TIUE OF INJECTION 

aftek release of 

CIRCULATION 

GAMMA ADRENALIN 

BLOOD flow: re- 
active HYPEREMIA 

blood flow after adrenalin 

88 seconds 

1.0 

10.6 

14 seconds: 0 

83 seconds: 1.3 

187 seconds: 1.7 

s. w. 

78 seconds 

2.0 

13.7 

16 seconds: 0 

111 seconds: 0.84 

150 seconds: 2.0 

J. B. 

55 seconds 

2,0 

13.6 j 

31 seconds: 0 

78 seconds: 1.5 

245 seconds: 2.6 

S. M. 

39 seconds 

2.0 

14.8 

15 seconds: 13.0 

68 seconds: 5.6 

95 seconds: 1.8 

S. M. 

60 seconds 

2.0 

11.5 

20 seconds: 11. 8 

75 seconds: 4.6 

160 seconds: 3.5 


2 . Intra-arUrial injecHon of adrcrtalin dvHng reactive 
mine how constrictor doses of adrenalin would act m presence oi loca 1> P'" 
vasoihlatation, a tourniquet was applied just distal to the ‘ 

occlude the arterial flow, and left in place for 10 
period it was released and a blood flow 

1-2 gamma was injected quickly. Table 2 shows he ° 

in which the adrenalin was introduced into the artery within 00 seconds. 1 le 

Umta^ expeLents had shown that the peak flow after release was reached in 

‘Ti te"E“:!hen .drnnniin tv„ inin,«i ci„», t,. thn 

sec 1 the constricting effect was immediate and clear cut. In t\\ o expo 

SrinincLn wan mndn within . mim.te after teinnte ni thn team.. 


186 


K. HARPUDER, J. BYER AND I. STEIN 


quet the blood flow dropped only gradually and not below usual resting levels. 
In a third experiment in which injection was made within one minute, a tempo- 
rary vasoconstriction was followed by a slight dilatation. 

These findings are difficult to interpret because of the number of factors in- 
volved, e.g., dosage, time of injection, effect of rate of blood flow on washing out 
and destruction of dilator substances or adrenalin. 

The results suggest, however, that adrenalin produces full vasoconstriction when 
reactive hyperemia begins to subside. While hyperemia is reaching its peak 
the constrictor effect of adrenalin is not apparent. 

3. Intra-arterial adrenalin following intra-arterial histamine. In preliminary 
experiments 4 gamma of histamine intra-arterially produced a well marked hy- 
peremia which reached its peak in about 50 seconds and then fell off very sharply 
to approximately resting level. 

TABLE 3 


Intra-arterial injection of 1 .0 gamma adrenalin after 
intra-arterial injection of 4 gamma histamine 


SUBJECT 

TIME OF INJECTION 
OF ADRENALIN* 

RESTING BLOOD 
FLOW 

BLOOD FLOW AFTER 
HISTAMlNEt 

BLOOD FLOW AFTER ADRENALIN 

s. w. 

49 seconds 

2.8 

14 seconds: 9.0 

14 seconds: 2.0 

47 seconds: 1.1 

78 seconds: 2. 5 

K. H. 

35 seconds 

* 2.7 

12 seconds; 13. 7 

8 seconds: 2. 7 

46 seconds:! .3 

79 seconds: 0.8 


* After histamine injection, 
t Recorded at stated time after injection. 


Because of the equivocal results noted in the previous experiments we used 
histamine to produce local vasodilatation. It is assumed that histamine or a 
histamine-like substance is one of the factors responsible for exercise hyperemia 
of muscde (9). Exercise was not used because clenching the hand with the 
plethysmograph attached to the forearm was attended by technical difficulties. 

Table 3 shows that a ^nstrictpr effect was produced by adrenalin. The in- 
jections were made clo^4;d the time of peak flow produced by the histamine 
and the first blood flow' determinations were recorded at a time when hyperemia 
is expected to be subsiding spontaneously. 

4. Intra-arterial injection of a mixture of adrenalin and histamine. The reasons 
for adopting this step are obvious from the foregoing. 

On three different occasions, in a single subject, increasing doses of adrenalin 
were mixed with a constant dose of histamine and the mixture injected intra- 
arterially. 

The results are unequivocal; adrenalin even in dosage four times larger than 
necessary to produce a constrictor effect in resting muscle cannot overcome the 
dilator effect of the minimal effective dose of histamine. 
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TABLE 4 


SimuUaneous inlra-arlerial injecti on of adrenalin a ndj^mrw 


am 

SUBJECT 

gamma adrenalin 

gamma histamine 1 

resting blood elow 

blood flow after injection 

K. H. 

1.0 

4.0 

2.5 

5 seconds: 8. 8 

18 seconds: 5.0 

108 seconds: 2. 6 

K. li. 

2.0 

4.0 

1 

3.1 

5 seconds: 6. 2 

80 seconds: 0.6 

110 seconds: 2.0 

K. H. 

4.0 

4.0 

3.6 

5 seconds:? .5 

20 secondsiO 

50 seconds: 1.3 

110 seconds: 3. 2 


SLr«o„ in b.o„i (ioo- in the eontnoinU-rn. b.nii »ei, boot,., pbe- 


"Tr -me sobieet. tbe -me pr..eed„re pr.vin.n.l no si»nilieont eb.npe in 

\'Z«loJ^-ve”ni:«mpbrftodete,n,im^^^^^ 
of prolonpd (twenty minutes) exposure of the legs to at( r 

were equivocal. , , i a ronrpsonts mus(‘le circulation 

Discussion. The forearm blood flow to say that 

SeXetio^oSnt” ^ flow in T flarm is determined by what hap- 
pens to the muscle depending on the dosage, adrenalin may pro- 

-nin.,ion o, tbe .bei.t.i mn* in 


man. 
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Constriction is caused only by relatively large doses of adrenalin. The range 
of the constrictor action of intra-arterially injected adrenalin is very narrow. 
Doses of about 5 gamma give rise to systemic cardiovascular reactions, 1-2 
gamma have an apparently pure local constrictor effect and 0.5 gamma is seem- 
ingly ineffective. Moreover, in presence of an effective amount of histamine and 
probably also during development of reactive hyperemia and exercise hyperemia, 
constrictor doses of adrenalin become ineffective. 

Adrenalin produces vasodilatation in human muscle over a wide range of doses 
from low to extremely minute concentrations. The dilator action of adrenalin 
is not intense and is followed in some experiments by a constrictor effect. 

Since no reliable data exist concerning the amount of adrenalin in the circulat- 
ing blood, it is impossible to determine from our experiments whether a dilator 
(or a constrictor) effect should occur in muscle during a given situation of stress. 
This is of course also true for the effect of sympathetic impulses upon the blood 
flow of muscle in a given case. 

It appears to us> however, that dilatation must be the chief action of adrenalin 
and of sympathetic impulses upon the blood vessels of the muscle. 

The constricting and dilating effects of adrenalin on muscle blood flow can be 
considered an excitatory and inhibiting action on sympathetic effectors. This 
is, in our opinion, an erroneous interpretation. The sequence of constrictor 
action, apparent ineffectiveness, dilator action and final ineffectiveness of di- 
minishing doses of adrenalin can be understood only on the basis of independent 
constrictor and dilator mechanisms. Both are stimulated simultaneously by 
adrenalin. With large doses of adrenalin the constrictor action predominates; 
with smaller doses it balances the dilator action. At low and very low concentra- 
tions the dilator action prevails. Large differences in responsiveness of the con- 
strictor and dilator mechanism to adrenalin must be assumed. The irregular 
appearance of constriction after dilatation in our experiments (and the observa- 
tion of dilatation in the wake of constriction by other investigators) may be the 
result of a longer maintained effect in one of the two activated mechanisms. 
Dilator action is known to occur with all doses if the constrictor mechanism is 
paralyzed by ergotamine. Whether the dilator mechanism is truly adrenergic 
is an interesting question. The cholinergic transfer of impulses in a sympathetic 
ganglion is, according to Bulbring and Burn (10), stimulated by small doses of 
adrenalin. We are studying at this time the possibilities of cholinergic dilator 
effects in human muscle and their relation to adrenalin. The effects of adrenalin 
in the sympathectomized muscle are also under investigation. 

It is possible to speculate, in a general way, on the significance of our findings 
and those of other observers. We may assume then that circulating adrenalin 
in very small doses (and possibly also adrenalin or sympathin within the range of 
physiologic local release) effects a constriction of blood vessels of the skin and 
splanchnic area and has a dilating action upon muscle blood vessels. The dilator 
action is not sufficient for the requirements of a contracting muscle. However, 
a redistribution of circulating blood in favor of muscle will occur and be enhanced 
by an increased cardiac output. This may be advantageous if an emergency 
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develops requiring sudden and intense muscle action. During such an emer- 
gency, adrenalin if it reaches sufficient concentration will lose its dilator effect 
upon and finally will constrict muscle vessels. However, this will occur in in- 
active muscles only, while in the active hyperemic muscle the constrictor effect 
is vitiated. The dilator effect of locally released metabolites supervenes. Blood 
is shifted from inactive muscle groups to those in contraction. To substantiate 
this overall hypothesis and to fill in the gaps needs much further study of human 
vascular physiology. Such studies are also of clinical importance in view of the 
present tendency to perform sympathectomies rather liberally. 

SUMMARY 

1. Blood flow in the human forearm was studied by the plethysmograph 
method. 

2. Injection of adrenalin in doses of 1-2 gamma into the brachial artery pro- 
duces vasoconstriction. 

3. Intra-arterial doses of 0.5 to 0.1 gamma adrenalin are apparently ineffective. 

4. Doses of 0.05 to 0.0002 gamma adrenalin intra-arterially cause vasodilata- 
tion sometimes followed by vasoconstriction; 0.00002 gamma seems to be the 
threshold of vasodilator action. These observations are discussed. 

We are indebted to Louis Leiter, M.D., Chief of the Medical DiMsion, Monte- 
fiore Hospital, for advice and criticism and to Mr. Abraham Siegel, B.S. for his 
valuable technical assistance. 
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1 he relation of the renal enzyme, renin, to the appearance and maintenance of 
hypertension in animals and man is not as yet clear. Many attempts have been 
made to demonstrate pressor or vasoconstrictor substances in the blood of hyper- 
tensive patients and of animals with experimental hypertension. A recent at- 
tempt has been made by Gregory, Ewing, Levin, and Ross (1) who have 
summarized the earlier literature. Although claims for the presence of pressor 
substances have been made, results have usually been negative, inconclusive, or 
not confirmed by other workers. Page (2) found that plasma from hypertensive 
patients caused vasoconstriction in the rabbit’s ear. Plasma from normotensiye 
individuals usually produced no vasoconstriction . 1 1 e believed that the constne- 

tion was due to the presence of hypertensin (angiotonin) in the peripheral blood. 
Measurements by another method (3) in this laboratory have not shown demon- 
strable amounts of renin in the systemic blood of patients with chronic hyper- 
tension (4, 5), but occasionally small amounts have been detected in that of 
patients with acute hypertension (6). Few determinations of renin have been 
made in animals during the development of experimental hypertension. I age 
(7) reported the presence of renin in the renal venous blood of hypertensive dogs 
and commented that large amounts were found in one dog early in the course of 
malignant hypertension from cellophane perinephritis. Dell’Oro and Braiin- 
Mcn4ndez (8) found renin in the systemic blood of dogs in which the blood 
pressure was rising following the application of a clamp to the renal arteries. 
Since their animals were usually uremic from malignant hypertension, deter- 
minations could not be carried on for more than a few days after clamping the 
renal arteries due to death of the animals. The present study is similar to that 
of Dell’Oro and Braun-Men4ndez, but the animals have been followed for longer 
periods and serial measurements of the hypertensinogen and hypertensinase as 
well as renin contents of the plasma have been performed. 

Mkthods. Ten dogs weighing 11 to 18 kgm. were operated upon aseptically 
under nembutal anesthesia to produce renal hypertension. Through » Posterior 
incision the renal artery was exposed and clamped by means of a Goldblatt 
clamp (9) which was screwed down to occlude the vessel and then turned back 
about three-quarters of a turn. Usually a weak pulsation or a thrill could be 
felt distal to the clamp. In 3 dogs both renal arteries were clamped on the same 

> This investigation was aided in part by a grant from the John and Mary R. Markle 
Foundation and from the Proctor Fund of the Harvard Medical School. 
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day. In the remainder, a period of 7 to 19 days was allowed between operations. 
Most of the animals received sulfadiazine, 0.5 gram per day, for 1 to 2 days be- 
fore and after the operation. 

Mean blood pressures were measured with a mercury manometer by direct 
puncture of the femoral artery at frequent intervals for at least 7 days before 
operation. After clamping the renal arteries, the blood pressure was measuied 
every day or two as long as it continued to rise. At later periods, when blowl 
pressures were taken at less frequent intervals, dogs were trained for several 
days in order to make readings comparable to previous ones. 

Blood for the determination of renin, hypertensinogen, and hypertensinasc was 
drawn from the femoral artery, or occasionally from the vein, into syringes con- 
taining at least 1 cc. of 3.8 per cent sodium citrate per 15 cc. of blood. Deter- 
minations on dog plasma were carried out in general as previously des(!ribed for 
human and dog plasma (3, 10). Renin was determined on 8 to 10 cc. of plasma 
l)y a 2-hour incubation with an excess of beef hypertensinogen after the removal 
of hypertensinasc by acidiii<;ation to pll 2 for 2 hours at 4°C^ in the presence of 
9 per cent sodium chloride. Hypertensinogen was measured by a 10-minutc 
incubation of 3 cc. of dog plasma in the presence of 100 cat units of hog renin. 
The amount of hypertensin formed in all determinations was assayed on cats as 
previoirsly described (3). Comparative determinations were made on frozen 
plasmas, assuming that their hypertensinogen contents did not chanp under 
these conditions, (’ontrol measurements appear to indicate that this is a just- 
tifiable assumption. 

Nonprotein nitrogen was determined on frozen plasma samples saved from 
previous deteraiinations. 

Results. Renin assmj and renin conteiit of normal dog plasma. The recog- 
nition bv assay of minute amounts of renin (usually 0.2 cat unit or less) is dif- 
ficult by the method described due to the small atypical rises of pressure pro- 
duced in the assay animal. In a sensitive assay preparation, typical and sig- 
nificant blood pressure rises can be obtained with only 0.1 cat unit, and in an 
insensitive preparation larger amounts of renin must be present to produce con- 
vincing blood pressure responses. When eciuivocal blood pressure rises have 
occurred, or when the blood pressure curve has been atypical for hypertensin, 
they have been recorded in the tables by the signi . In the 13 street dogs with 
normal blood pressure, assay of their plasma for renin yielded negative results in 
6, equivocal (db) results in 4, and in the remaining 3, 0.2 to 0.4 cat unit per 10 
cc. of plasma. 

Renin and the course of hypertension. Pre-operative blood pressures m the 
series of dogs subsequently made hypertensive ranged from 98 to 132 mm. ITg. 
After clamping one renal artery only, moderate elevations of blood pressure 
occurred in only 2 of 6 animals. Five dogs, dying presumably of uremia 4 to 12 
days after clamping the second renal artery, had some degree of hypertension 
(from 152 to 170 mm. Hg), sometimes occurring only terminally (table 1). The 
other 5 dogs survived the development of hypertension with levels between 155 
and 192 mm. Hg (table 2). The blood pressure usually reached a peak in 1 to 2 
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weeks after the second renal artery was clamped and then fell over a Pen^ 
weeks to a constant level about 30 mm. Hg above the pr^o^iative level (table 
2). Two dogs, re-operated upon when they had remained at this for some 
time, had enlarged arteries through the renal capsule as described hy Elaut (11). 
In one of these animals the blood pressure rose 60 mm. Hg following ligation of 

these arteries on one kidney only. j. i o 

In the hypertensive dogs renin appeared in the plasma within at least 1 or 2 
days of clamping the second renal artery. In the majority of animals there was 
a rough parallelism between'the rise of blood pressure and the increase in con- 
centration of renin in the plasma. The amount of renin in the plasma reached a 

TABLE 1 


DAYS 

DOG 29 

DOG 42 

s 

i 

PQ 

0 

* 

P 

U 

.S 

1 

§ 

h 

u 

• 

• 

W 

ci 

s 

p 

Q 

: 

« 

w 

B.P., mm. Hg 

8 

0 

« 

P 

U 

1 

V 

• 

P 

U 

« 

u 

U 

P 

P 

• 

• 

W 

1 

is 

cw 

Before 

126 

0 

1.9* 

1.4 

122 

± 

2.9* 

1.6 


After 

Clamp LRA 


Clamp RRA 


1-2 

130 

0.3 

2.0* 

1.4 






3-4 1 

154 

0.3 

3.2“ 

1.2 

122 





5-0 

140 









7-8 

140 


1.3^ 







9-10 





115 

0.3 



38 

After 

C 

Mam 

p RR 

A 


Cla 

mp L 

RA 


1 

140 


2.6^ 


124 





2 

143 

0 

2.9^ 

l.S 






3 

140 


2.0*» 


16C 


3.3* 

1.0 


4 


Died 




Died 



5 










11 










12 











DOG 40 


105 I =h 11.0^1 2.0l 44| 
Clamp LRA 


130 


1.9* 

2 . 4 '‘ 


2 . 0 ^ 
Clamp RRA 


0.6 


1 


2.7'» 

Died 


1.7 


DOG 37 


DOG 34 


2 . 6 ^ 
Clamp RR.\ 


Clamp LRA, 
RRA 


3.0 

Died 


0.3» 

0 . 0 ^ 


112 


119 


Clamp LRA 


0 . 8 ] 


3.4» 


Died 


ERA right renal artery, LEA left renal artery. • eat nnite, t unite, •• hypertenainogen, ••• hyperteneinaee. 

and b are determinations at the same time and therefore comparable. 

maximum in 4 to 12 days (table 2) and then gradually diminished. In 2 dogs 
(doffS 36 and 39), renin was present in detectable amounts (0.4 to 0.6 cat uni 
per 10 cc. of plasma) for at least 90 to 100 days after operation. Its time of 
disappearance was variable in different animals. Despite the disappea^ce of 
detectable amounts of renin in the plasma, the blood pressure remained higher 
than before operation. After the blood pressure and renm levels had gradual^ 
decreased toward normal in dog 39, surgical reduction of the blood supply to the 
kidney by ligation of capsular vessels was followed by a rise of blood pressure and 
an incr^se of renin concentration in the plasma. In two instances (dogs 37 
and 43), large amounts of renin were present when the blood pressure feU m the 
course of postoperative or terminal shock. 
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TABLE 2 

The effect of the production of renal hypertension on the renal pressor mechanism 


DAYS 55 

i ! 


» a a I “ R i 

■ i ^ i i t i 


R * a fl n J. » 

B ® a 3 s 


§ H g 


m a w z « a z « « a“ ^ — 


Before 112 0 

to 
132 

After Clamp LRA 

12 139 

14 1.8» 

19 135 0 1.1^ 1.3 

After Clamp RRA 

1 129 

2 148 0.3 2.2* 

3 154 0.4 2.2** 


3.1* 39 98 0.2 1.3“ 37 105 0 2.3* 


1 118 =b 0.9* 


Clamp LRA, 
RRA 

120 

138 

100 2.5* 


Clamp LRA, 
RRA 


Clnmp LRA Clamp Branch RRA 


124j 0.2j l.S*-*^ j 

Clamp LRA 


Clamp RRA 


6 136 0.6 1.5 

6 160 

7 161 0.1 

8 156 

9 170 0.3 1.3^ 

10-12 190 0.2 

13-16 188 0.2 1.4^ 1.7 

16*20 172 

31 35 
36-40 

41*46 167 0.1 

61-100 149 0 


1.5 91 172 0.8 


56 148 2.2* 

175 1.3 
185 

148 0.5 
192 0.3 
152 
155 0 
146 


150 0.5 
85 143 

145 

150 0.3 
150 
45 140 

156 
149 


125 0.6 
13ol 0.21 
Kill 




130 

188 2.7* 160 0.6 1.6 

174 

72 172 0.2 40 160 0.8 

162 1.9* 

185 1.0 1.5‘’ 62 152 2.1* 

152 

188 148 

160 140 0.4 

168 
34 168 

180 0.3 2.3* 41 

170 

170 144 

152 0.4 140 0 1.3®*‘‘'* 1.7 

160 i.e*" 

135 0.3 

136 0 

1301 db 1.4® 44 I 

Tie CA Clamp RRA 

155 160 0.4 

170 177 2.2®'® 1.6 

190 0.3 42 135 1.5 

182 

180 0.6 48 

170 0.9 2.0® 

185 0.4 49 165 2.1® 1.9 

180 1.0 1.0® 50 164 2.4^1 2.3 

176 1.2 0.8® 43 0.4 

2 . 7 ** 2.2 

180 1.5 0.6® 47 

182 0.5 0.6® 45 142 

Died suddenly 148 ± 

at 28 days Kill 


RRA right renal artery, LRA left renal artery. CA capsular arteries, • cat units, t dog units, •* hypertensmogen, 
• hypertensinase, a, b, c, d, e are determinations at the same time and therefore comparable. 


Hypertensinogen. The rise of blood pressure and of renin concentration in 
plasma was frequently unaccompanied by any significant change in the concen- 

ration of hypertensinogen. In 2 dogs (dogs 37 and 39), a decrease of hyper- 
t 
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tensinogcn concentration was associated with high concentrations of renin in the 
plasma. With the exception of dog 37, no animal dying in uremia showed 
changes of hypertensinogen concentration prior to death. Three dogs (dogs 29, 
43, and 36), showed increases in the concentration of hypertensinogen after con- 
stricting the renal artery. 

Hypertensinase. The hypertensinase content of the plasma was determined 
before and after operation in 5 instances. No definite or consistent changes were 
evident. If large amounts of renin are present in the plasma, falsely low values 
may be obtained due to the formation of hypertensin during the incubation of the 
plasma sample. 

Nonprcidfi nittoQ&n. In 4 of 5 dogs surviving the operation for more than 12 
days, the nonprotein nitrogen of plasma was found to be increased before or at 
the time of the maximum renin level in the plasma (the rise being 22 to 46 mgm. 
per cent). Measurements were not frequent enough to determine the duration 
of the rise. In dog 39, relatively large amounts of renin appeared without 
significant change in the nonprotein nitrogen level. 

DiscyssiON. The precise mechanism by which the blood pressure rises 
following constriction of the renal artery has been the subject of considerable 
investigation and controversy, a variety of substances having been suspected but 
not proven as the causative agent. The renin system has received particular 
attention in recent years, especially in acute experiments but little in the de- 
velopmental and chronic stages of experimental hypertension. Dell’Oro and 
Braun-Men6ndez (8) have followed renin levels in the plasma for a few days after 
constricting the renal artery and have obtained findings similar to ours. 

The observations in this report shed a certain amount of light on the relation 
of the renin system to the development of experimental renal hypertension but 
are not definitive. It is apparent that there is a gradual increase in the con- 
centration of renin in the blood over a period of days. The greatest amounts of 
renin detected during the development of hypertension (table 2) were 0.6 to 1.5 
cat units per 10 cc. of plasma. Similar blood pres.sure elevations and renin con- 
centrations may be produced with infusions of 0.5 to 1.0 cat unit per minute of 
hog renin (12). Interestingly enough, at the time of maximal ischemia of the 
kidney, i.e., just after the Goldblatt clamp is applied, the renin concentration is 
not at a maximum. Subsequently, at a time when the renin concentration has 
reached its peak and begun to decline, the blood pressure continues to remain 
elevated. Despite the persistence of some degree of hypertension, the renin 
Concentration gradually falls over a period of weeks or months until it is no longer 
detectable. In dogs with hypertension of months’ or years’ duration, renin has 
not been detectable in the systemic blood (unpublished observations). Ne- 
phrectomy, however, produces a prompt fall of blood pressure within a few hours 
(13, 14, 15, 16, 17). Although there is a rough parallelism between the concen- 
tration' of renin in the blood and the appearance of hypertension, there is no 
apparent relationship between the two in tfis chroiuc stages by the technique 
utilized in this communication. 

In our series of dogs, there was no consistent change in the concentration of 
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hypertensinogen in the plasma as hypertension developed. In two instances, it 
became diminished, and in three it increased. The decrease was associated in 
each case with high concentrations of renin. Nephrectomy is followed by an 
increased concentration of hypertensinogen, the increase having been attnbuted 
to the absence of circulating renin (18, 19). The mechanism of the increase m 
our animals whose plasma contained more renin than normal must have been on 
some other basis, the nature of which is not immediately apparent. 

No definite or consistent changes in the concentration of hypertensinase in the 

plasipa of these dogs was evident. . i 

We believe that in the light of present knowledge, no single interpretation ot 
these observations is warranted. The following possibilities suggest themse ves. 

1 It is possible that the renin system has nothing to do with the development 
and maintenance of experimental renal hypertension and that its production is 
determined by autolysis of kidney tis.sue. It will be observed that in 4 of the 5 
animals in which serial determinations of nonprotem nitrogen were recorded, 
some elevation occurred during the development of the hypertension. In the 
fifth dog (dog 39), blood pressure and renin concentration became elevated with- 
out significant changes in the nonprotein nitrogen values followng bgatio^ii t e 
collateral blood supply in the renal capsule. Although (.oldblatt el al. (20) ob- 
served no elevation of nonprotein nitrogen in their dogs with hypertension from 
constriction of the renal artery, others have observed transient slight elevations 
of nonprotein nitrogen (21, 22) or blood urea nitrogen (11, 23). Most reports 
indicate minor decreases of renal function for short periods after mild to moderate 
constriction of the renal artery, but such findings are transient for there is^a rapid 
return to normal of phenolsulfonephthalein, urea, inulin, phenol red, and diodrast 
clearances (20, 24, 25, 26, 27, 28). 

2 Renin mav initiate the hyperten.sion and some other pressor mechanism may 
subsequently take over the function of its maintenance. 1 his has been suggested 
by Reed, Sapirstein, Southard, and Ogden (29, 30) on the basis of experience 
with sympatholytic drugs. While yohimbine and F-883 caused no fall of blood 
pressure in earR renal hypertension, a fall of blood pressure was produced in the 
chronic stages.' They concluded that in early renal hypertension, ^lood 
pressure rise was mediated by a renal humoral pressor mechanism unaffected by 
sympatholytic agents, whereas in late renal hypertension the blood Pr^su^ 
elevated by a sympathetic neural pressor sy.stem capable of being blocked by 
th6S6 drugs. 

3 Methods may be too insensitive to detect renin in chronic hypertension. 
The concentration present during the acute phase of hypertension may be in 
excessive, easily measurable amounts while the ischemia is at its height. Such 
Lcessive amounts of renin in the blood may diminish after the elevation of blood 
pressure has relieved to some extent the ischemia, or after the opposite kidney, if 
untouched, has had time to take over the function of the clamped kidney, through 
the medium of compensatory hypertrophy, or after the collateral circulation 
through the capsule of the clamped kidney has begun to develop. The amount 
of renin which is necessary to maintain the blood pressure at a level adequate for 
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the circulatory needs of the kidney may be too small to be detectable by the 
method employed in our study. No information is available regarding the 
minimal amount of renin that is required to elevate blood pressure over a period 
of time. The effects on the blood pressure of a continuous infusion of minute 
amounts of homologous renin to animals over a period of days has not as yet 
been reported. 

Which, if any, of these interpretations is correct cannot be stated at this time 
because as much evidence for as against each one can be offered. While the data 
do not support the hypothesis that the renin-hypertensinogen-hypertensin 
system is the mediator of the hypertension following the application of a Gold- 
blatt clamp, it should be emphasized that the evidence presented is by no means 
conclusive in excluding such a possibility. 

SUMMARY 

1. During the development of experimental renal hypertension in dogs, renin 
was detected in the plasma. 

2. The renin level reached a maximum about one week after both renal arteries 
were constricted and then gradually diminished. 

3. A rise in nonprotein nitrogen was often, but not necessarily, present when 
the renin concentration of plasma was increased. 

4. With the development of hypertension, the hypertensinogen content of the 
plasma remained unchanged or increased somewhat unless the amount of renin 
became excessive, in which case the hypertensinogen concentration decreased. 

5. No significant changes in the hypertensinase content of the plasma were 
noted. 

6. The significance of these observations is discussed. 
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Previous studies (1, 2, 3, 14) have failed to reveal the presence of renin in the 
systemic blood of patients with chronic hypertension. Renin is known to be 
produced by the kidney and liberated into the systemic circulation by way of 
the renal vein (4, 5, 6). Sin,ce it has been suspected but not proven to be the 
humoral agent responsible for the elevation of blood pressure in human hyper- 
tension, a study has been made of the renin concentration of renal venous blood 
in a group of normal and hypertensive patients. 

Methods. Twelve patients with hypertension from different causes and of 
varying degrees of severity (see table 1) and 12 patients with normal blood pres- 
sures were chosen for study. Only one of the patients had evidence of congestive 
heart failure at the time of study. The patients were transferred to the fluoros- 
copy room in a fasting state where they lay on the fluoroscopic table which was 
covered with a thick mat of sponge rubber to insure their physical comfort. 
Pillows were used judiciously under head and shoulders. An 8-F or 9-F radio- 
opaque venous catheter, 100 cm. long and with the hole directly on the tip, wa,s 
introduced into a vein of the forearm as described by C'oumand and Ranges (/)• 
Novocaine without adrenalin was used as a local anesthetic. The catheter was 
directed fluoroscopically into the renal vein** as described by Warren et al. (8). 
Its position was checked before and after withdrawal ol the blood sample. In 
each instance, it was observed to leave the course of the infenor vena cava 
opposite the second lumbar vertebra (see fig. 1), and the color of the renal venous 
blood was observed to be more red than that taken from other parts of the venous 
system. Thirty to 40 cc. of blood were withdrawn from the renal vein into syr- 
inges containing one or more cubic centimeters of 3.8 per cent sodium citrate 
per 15 cc. of bloodc’^^ A similar amount of blood was occasionally withdrawn as a 
control from either the superior vena cava, right auricle, right ventricle, or pul- 
monary artery. The renin titer of the blood was assayed as previously de- 
scribed (9). . , . , a t 

Results. The findings in this study are summanzed m table 1. beven ot 


■ This investigation was aided in part by a grant from the John and Mary R. Markle 

Foundation and from the Proctor Fund of the Harvard Medical School. 

» The authors are indebted to Dr. Stanley E. Bradley for teaching them the technique of 
venous catheterization of the heart and renal vein and for collecting samples of renal venous 

blood in 4 of the patients reported in this study. 
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TABLE 1 

Renin content of renal venous blood 


PATIENTS WITH NORMAL BLOOD PRESSURE 

PATIENTS WITH HYPERTENSION 





Renin 










cat 





Renin cat 




Blood 

units 




Blood 


No. 

Patient 

Diagnosis 

pres- 

per 

No. 

Patient 

Diagnosis 

pres- 

10 cc. 




sure 

10 cc. 





plasma 





plas- 










ma 









mm. 





mm. 





Hg 





Hg 


1. 

L. S. 

Asthma 

118/84 

0.3 

1. 

F. M. 

Essential h.\ pertension 

222/140 

0.9 

2. 

M. II. 

Dermatitis 

112/82 

0.3 

2. 

W. W. 

Chronic nephritLs; calci- 

198/114 

0.7 








fication of kidneys 



3. 

S. O. 

Pncnmonia (eonvalo.seont ) 

120/80 

0.3 

3. 

.1. H. 

Mssen t i al h y per te ns io n 

180/134 

0.5 

4. 

H. R. 

Duodenal ulcer 

90 /R2 

0.3 

4. 

.1. 8 

Chronic i)yelonepliriti.s, 

200 3 10 

0.5 








uremia 



5. 

B. F. 

Pulniono-cardiac disease 

no '75 

0.3 

5. 

J. W. 

Coarctation of aorta 

210/141 

0.5 Right 










0.2 Left 

f). 

R. F. 

Rheumatic fever hs)n 

120/74 

0.3 

0. 

. 1 . 8 . 

Nephrotic syndrome 

107/92 

0.3 



valesceiit 1 








7. 

M. T. 

Lue.s (tre.Tted^ 

10.5/70 

0.2 

7. 

8. H. 

f'hronic glomeiuh>tic 

139/102 

0.2 








phrif is 



8. 

F. H. 

Fmph,\'.sema 

125 '82 


8. 

M. 8. 

.Acute clornerulonc'plirit is 

170/100 

0 

9. 

H. (1. 

Spontaneou.s pneumo- 

128 .'88 

0 

9. 

C'. F. 

Unilateral renal disease, 

170/110 

0 Left 



thorax 





left 


0 Right 

10. 

H. P. 

lues tpenicillirt' 

100 '(>(■• 

0 

10. 

W. P. 

Maligriant hypertension 

200/140 

0 

11. 

c; J. 

Peptic ulcer 

114 /VO 

0 

11. 

K W 

Malignant h>' pet tension, 

190/142 

0 








cardiac failure 



12. 

W. W. 

liUes (treated) 

113/7.' 

0 

12. 

,1. P. 

Chronic pyelon(*i)hriti'-'. 

190 '120 

0 Left 








left 

1 

1 0 Right 











— — 



Fig. 1. X-ray showing venous catheter passing through axillary and subclavian vein, 
superior vena cava and right auricle (left) into inferior vena cava and right renal vein 
opposite the second lumbar vertebra (right). 
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the 12 hypertensive patients and 7 of the 12 patients with normal blood pressures 
had small but definite amounts of renin, while in the remainder of each group no 
renin or equivocal amounts of renin were present. 

Discussion. The data indicate that under the conditions of the experiments, 
the renal venous blood of normal individuals contained about as much renin 
with the same frequency as did the renal venous blood of hypertensive indi- 
viduals. The amount of renin in the hypertensives might seem to have been a 
little greater, but in considering the errors of the assay method such differences 
were not considered significant. 

In the hypertensive group, there was no relation between the severity or 
etiology of the hypertension and the concentration of renin in the renal venous 
blood. 

Renin is detectable in the systemic blood of animals and sometimes in man 
during the early phase of hypertension when the blood pressure is rising (10, 
11, 12, 13). After a perM of time, it no longer remains detectable in the sys- 
temic blood despite the persistence of the hypertension (1, 3, 12). This study 
reveals its presence in minute amounts in renal venous blood in about the same 
concentration as in normal individuals. Such findings do not support the 
hypothesis that renin is the humoral substance responsible for human hyperten- 
sion. 

On the other hand, these observations are not conclusive in excluding such a 
possibility. Although the patients were at rest and although their blood pres- 
sure and pulse rates were unchanged in several instances during the withdrawal 
of the renal venous samples, they were not in a strictly “basal” state. Intro- 
duction of a catheter into the renal vein may well be suffi(*ient to liberate at times 
a small amount of renin by the kidney. The possibility remains, therefore, that 
the concentrations of renin observed by us were produced by such factors. Since 
many physiological substances are active in exceedingly minute amounts, it is 
possible that amounts, undetectable by the method employed, were a(dlng day 
after day to maintain an elevated blood pressure in the hypertensive patients. 

We do not believe that either of the above interpretations can be proven or 
disproven by the techniques utilized in this study. 

SUMMARY 

1. Renin was detected in the renal venous blood in approximately the same 
amount and with the same frequency in a group of 12 hypertensive patients and 
in a group of 12 patients with normal blood pressures at rest. 

2. The significance of these findings in relation to the etiology of human hy- 
pertension is discussed. 

REFERENCES 

(1) Dexter, L. and F. W. Haynes. J. Clin. Investigation 21: 627, 1942. 

(2) Haynes, F. W. and L. Dexter. Unpublished observations. 

(3) Braun-Men£ndez, E., J. C. Fasciolo, L. E. Leloir, J. M. MuSoz and A. C. Taquini. 

Renal hypertension. Charles C. Thomas, Springfield, 1946. 



RENAL HUMORAL PRESSOR MECHANISM IN MAN 


201 


(4) Leloir, L. F., J. M. Mu5Joz, E. Braun-Men^ndez and J. C. Fasciolo. Rev. Soc. 

argent, de biol. 16 : 75, 1940. 

(5) Leloir, L. F., J. M. MiiSoz, E. Braun-Men^ndez and J. C. Fasciolo. Compt. rend. 

Soc. de biol. 134 : 487, 1940. 

(6) Kohlstaedt, K. G. and I. H. Page. Proc. Soc. Exper. Biol, and Med. 43: 136, 1940. 

(7) Cournand, a. and H. A. Ranges. Proc. Soc. Exper. Biol, and Med. 46 : 462, 1941. 

(8) Warren, J. V., E. S. Brannon and A. J. Merrill. Science 100: 108, 1944. 

(9) Dexter, L., F. W. Haynes and W. C. Bridges. J. Clin. Investigation 24 : 62, 1945. 

(10) Dexter, L. and F. W. Haynes. Proc. Soc. Exper. Biol, and Med. 66 : 288, 1944. 

(11) Dell’Oro, R. and E. Braun-Men£ndez. Rev. Soc. argent, de biol. 18 : 65, 1942. 

(12) Haynes, W. and L. Dexter. This Journal 160: 190, 1947. 

(13) Page, I. H. This Journal 130 : 22, 1940. 

(14) Taquini, a. C. and J. C. Fasciolo. Am. Heart J. 32 : 357, 1946. 



ALVEOLAR AIR DURING SIMULATED FLIGHTS 
TO HIGH ALTITUDES* 

HERMANN RAHN and ARTHUR B. OTIS 

From the Department of Physiology , School of Medicine and Dentistry, ■ 

University of Rochester, Rochester, New York 

Received for publication March 31 , 1947 

Heretofore, practically all extensive measurements of alveolar gas composition 
have been made on samples intermittently obtained from forcible expirations. 
Such methods require a certain amoimt of co-operation on the part of both sub- 
ject and operator, and are bound to interfere with the normal breathing pattern. 
The sampling a^d analyzing device described by Rahn, Mohney, Otis, and Fenn 
(1946) makes possible the continuous sampling and minute to minute recording 
of alveolar air of a subject quietly breathing from a face mask. The purpose of 
the present investigation was to obtain by this method extensive data concerning 
the respiratory behavior of several thoroughly trained subjects^ breathing under 
normal resting conditions and under a variety of experimental conditions, par- 
ticularly during acute exposure to the simulated altitudes of 12, 16, 18, 20, and 
22 thousand feet. 

Outline of Flights. Series 7-7. All experiments were begun at 9 a.m. or 2 
p.m. The subject was seated in the high altitude chamber during all measure- 
ments and breathed air through a face mask from a Pioneer demand valve. 
After a twenty minute period at ground level (540 ft., elevation above sea level), 
during which control measurements were made, ascent to the desired altitude 
occurred at a rate of 4500 feet per minute. An observer breathing oxygen accom- 
panied the subject. Measurements were resumed as soon as the desired altitude 
was reached. Experiments were one hour in length at the 12, 16, and 18 thou- 
sand foot altitudes, 45 minutes at 20,000 feet and 30 minutes at 22,000 feet. 
Each subject was exposed to each altitude from lowest to highest in turn with at 
least a one day interval between successive exposures. The same eight subjects 
participated in all these experiments. Series III A was identical with series III. 

Series VI and VII. In addition to the “normal’' flights (series I to V) each 
of the eight subjects also participated in similar one-hour flights to 12,000 and 
18,000 feet which were preceded by the ingestion of 100 grams of glucose in 200 
cc. of water just before the ascent. 

Series VIII. CO 2 inhalation at 16,000 feet: in this series four subjects 
breathed 6.0 per cent CO 2 in air for a 15 minute period. The experimental 

^ Work done under contract reconunended by Committee on Medical Research between 
the Office of Scientific Research and Development and the University of Rochester. 

* We wish to acknowledge the splendid co-operation of the following members of Civilian 
Public Service Unit No. 116-R who served as effici^t subjects, observers, and recorders 
during the several months of tedious routine required to cdmplefte these measurements: 
R. Dick, I. Eller, J. Heil, T. Horvath, R. Long, B. Miller, H. Mitchell, R. Ortmayer, G. 
Spicer, R. Stanley, M. Whitaker. 
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period was preceded by a 10-minute control period and followed by a 10-minute 
recovery period, both at 16,000 feet. No performance tests were administered 
during these experiments. 

Series IX and X, Muscular work at ground level and 16,000 feet. For the 
muscular work, the sitting subject pushed his feet alternately against pedals con- 
structed from flat pieces of spring steel at a rate of 30 times a minute for each foot. 
The mechanical work required for this task was calculated to be 49.4 kilogram- 
meters per minute. The period of actual work was 10 minutes in length. It 
was preceded by a control period and followed by a recovery period of the same 
duration. 

Methods. Alveolar gas composition was read and recorded each minute by use 
of the continuous method referred to above. In addition, an end-expiratory 
Haldane-Priestley sample was obtained every ten minutes and subsequently 
analyzed by the Haldane method or by the same meters used for the continuous 
method. The discrepancy between the conventional and the continuous methods 
was thus obtained. 

Frequency of breathing was recorded outside the chamber on a paper tape which 
moved at a known constant rate. The slight negative pressure developed in the 
mask during each inspiration was made to close a relay circuit by means of a 
switch constructed from a sensitive aneroid barometer. Closure of the circuit 
activated an electromagnet to which was attached the recording pen, which thus 
made a deflection during each inspiration. 

Ventilation volume was recorded on the same tape by another electro-magneti- 
cally operated pen. The subject expired through a gas meter so fitted with 
electrical con tacts that its rotating arm briefly closed the pen circuit once for each 
500 cc. of gas passing through the meter. The temperature was read from a 
thermometer inserted into the outlet of the meter. 

Percentage saturation of the arterial blood was read and recorded each minute by 
means of the Millikan oximeter using the single scale circuit with automatic 
adjustment for ear thickness (Millikan, 1942). 

Heart rates were recorded for one minute out of each ten by means of an 
electrocardiotachometer. 

Performance was measured every ten minutes by the hand steadiness test 
previously described (Rahn, Otis et al.). 

Results. Normal runs {series I through V) and glucose runs (series VI and 
VII). The data obtained are summarized in tables 1-3. Respiratory data are 
averages of the minute to minute readings of each five-minute period indicated. 
Each value, therefore, is based on five measurements on each subject or a total of 
40 separate readings, except in series III A, in which only six subjects participated 
and in series V in which one subject lost consciousness after ten minutes at alti- 
tude. Heart rates and steadiness test scores are indicated at ten minute intervals 
as explained in the legend accompanying the tables. 

Carbon dioxide inhalation experiments (series VIII) and exercise runs (series IX 
and X) are summarized in tables 3 and 4, respectively, which are similar to the 
previous tables except that the respiratory data are averaged for 2-minutes in- 
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TIME— KINUTES 
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18,000 Ft. B = 379, Series III-A 
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stead of for 5-minute periods. Grand averages for each 10-minute period are 
also shown in table 4. 

Discussion. 1. Alveolar Gas Composition and Ventilation at Altitude. The 
data presented for series I through V represent respiratory behavior typical of 
healthy, young, well trained male subjects during acute exposure to simulated 
altitudes. It should be emphasized that all subjects were thoroughly indoctri- 
nated beforehand, and that they worked as a full-time laboratory team as 
subjects and technicians during the course of the experiments. They were, there- 
fore, largely free of the apprehension that sometimes occurs in the case of individ- 
uals who are used only occasionally as subjects. 

An important feature of the present data, made conveniently possible by the 
method of sampling, is that the time course of changes in alveolar gas composition 
is traced throughout the period of exposure to altitude. In this respect these 
data supplement the standard alveolar curves of Boothby (1944), which are 
based on values obtained at 10 and 15 minutes at altitude. Furthermore his 
subjects went successively to higher altitudes on the same run, thus partially 
adapting at each level. These time changes are strikingly reflected by the values 
for the alveolar respiratory quotient. Upon arrival at altitude the R.Q. is 
increased above normal owing to the hyperventilation resulting from the stimulus 
of anoxia. This hyperventilation is accomplished largely by increased tidal 
volume until 22,000 feet where the rate also increases. With time the CO 2 stores 
of the body are depleted and the R.Q. gradually drops back toward normal indi- 
cating the approach of a new steady state. Related to this changing R.Q. are 
the changes in alveolar gas tensions. The p02, relatively high at first, gradually 
drops with the R.Q. even though the PCO 2 may remain approximately constant 
or become considerably diminished. The percentage saturation of the arterial 
blood also tends to drop in parallel with the p 02 . 

These significant facts are conveniently summarized graphically in figure 1 by 
use of the CO 2 -O 2 diagram introduced by Fenn, Rahn and Otis (1946). Since 
the family of R.Q. lines have the same slopes but a different intercept at different 
altitudes, the various altitudes involved may be represented on a single set of 
R.Q. lines by use of a multiple scale of abscissae. This has been done for con- 
venience in figure 1. In addition, lines of constant alveolar ventilation have 
been drawn for the values of 6, 8, 10, and 12 liters per minute on the assumption 
that the O 2 intake is constant. The locations of these lines were determined from 
equation 19 of our previous report (Fenn, Rahn and Otis, 1946). Xo in this case, 
was taken as 300 cc. per minute, the average calculated oxygen consumption 
during the flights represented on the diagram. This seemed justifiable because 
no consistent effects of the altitudes on oxygen consumption can be observed in 
the data. 

Several pertinent facts are emphasized by this mode of presentation. One may 
think of the immediate respiratory response to a given altitude as being repi*e- 
sented by a jump from the ground level alveolar point on the diagram to the 
initial altitude point. During the first five minutes at any altitude the alveolar 
ventilation is greater than during the subsequent periods. This reflects the 
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Series X. — ^Work at 16,000 Feet 
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8 . Oximeter 
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action of the initial anoxic stimulus which shortly is reduced in its net effective- 
ness because of the opposing inhibitory stimulus of acapnia. The pC02 tends to 
drop throughout the period of exposure to altitude, and as a consequence of this 
progressive acapnic state, the ventilation rate likewise gradually diminishes even 



Fig. 1. The alveolar pathway during acute exposure to altitude. 

Ordinates: Alveolar carbon dioxide tensions in millimeters of mercury. 

Abscissae: Alveolar oxygen tensions in millimeters of mercury. Each of the multiple 
scales of abscissae applies to the family of points labelled with the corresponding altitude 
on the diagram. 

Parallel diagonals: Isoventilation lines constructed by use of equation (19) from Fenn, 
Rahn and Otis, 1946. 

Converging diagonals: Lines of constant R.Q. located by means of equation (9) from the 

same source. ^ u 

The location of each member of the family of circles for a given altitude indicates the 
average composition of the alveolar air during a five-minute interval. The circles in 
family are numbered consecutively, ‘T** indicating the first five minutes at altitude, “2’S 
the second five minutes, etc. The solid circle indicates the average alveolar composition 
during the control periods at ground level, and hence is a sort of starting point from which 
changes may be followed as described in the text. 

though the stimulus from anoxia is increasing. Comparing the different alti- 
tudes, one sees that the higher the altitude, the greater is the ventilation, the 
larger is the initial rise in the alveolar respiratory quotient, and the lower does the 
alveolar pCOj fall. The marked temporary gain in alveolar pOj by virtue of the 
initially V»ig h R.Q. is also readily apparent in this diagram. Lines indicating the 
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degree of oxygenation of the arterial blood could also be added but they would 
be different for different altitudes. By the end of the one hour exposure to 
altitude, the alveolar R.Q. has dropped nearly back to normal, indicating the 
approach to a new steady state. Although the 20,000 and 22,000 foot flights 
were not continued for this length of time, the trend of the points indicates that 
one hour would also suffice at these altitudes for attainment of an approximate 
steady state. 

The alveolar pathway to this new steady state is not precisely linear, for the 
lines connecting the consecutive five-minute points form a zig-zag route which 
occasionally doubles back on itself. Some of these irregularities may be at- 
tributed to “hunting” on the part of the respiratory center for some minimum 
stimulus. Others may be due to extraneous sensory stimuli difficult to define or 
control. However devious the detailed path may be, there is no doubt as to the 
net direction. On teleological grounds this particular direction might be pre- 
sumed to represent the points of optimum performance. Our evidence indicates, 
however, that in general the performance as measured by our tests is improved 
by ventilating somewhat faster than one actually does (Otis, Rahn, Epstein, and 
Fenn, 1946). Apparently the average subject tends to e(;onomize on respiratory 
effort somewhat to his own disadvantage. In exposures of greater duration the 
less well understood and more slowly acting processes of acclimatization must 
become of importance. 

Only one of the eight subjects failed to complete the prescribed schedule of 
flights. It is of interest to note that this individual, who collapsed after ten 
minutes at 22,000 feet, consistently showed a smaller ventilation increase at 
altitude and consequently a higher alveolar pC 02 , and a lower oximeter reading 
than did the other subjects. Another subject, on the other hand, was somewhat 
inclined to nervous hyperventilation, but completed all flights without mishap. 

The recovery at ground level following the flights was observed in a limited 
number of cases. The alveolar pathway upon recovery shows a reversal of the 
processes described above. Since the anoxic stimulus is no longer present, the 
acapnic inhibition of ventilation is free to exert itself until the C ()2 stores of the 
body are restocked. During this period of diminished ventilation, the alveolar 
R.Q. is lower than normal, and gradually rises to the resting value. The rate of 
return to normal pC ()2 values depends upon the previous anoxic hyperventilation 
at altitude. The higher and the longer the altitude exposure, the longer the 
recovery. The alveolar pathway is similar to that following hyperventilation as 
described by Rahn, Mohney et al., 1946. The R.Q. dips below 0.8 and slowly 
returns to normal with a consequent rise in pC 02 , p 02 and ventilation rate as the 
CO 2 stores of the body are replenished. Thus acute exposure to altitude and 
recovery are represented on the CO 2 -O 2 diagram by a (ffosed circular or elliptical 
pathway bisected by the metabolic R.Q. line to which the body eventually returns 
both at altitude and during recovery from altitude. This is illustrated in figure 
2 drawn from average values obtained on seven subjects after 30 minutes at 
22,000 feet. 

The value of the continuous sampling method in following the time course of 
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respiratory changes has been demonstrated above. As has been previously re- 
ported (Rahn, Otis, Mohney and Fenn, 1946) the continuous method gives values 
for the alveolar pC 02 which are slightly lower and values for the alveolar pO* 
which are slightly higher than those given by the conventional Haldane-Priestley 
method. The additional data obtained in the present experiments bear this out. 
In table 5 the differences between the results of continuous analysis and analysis 



Fig. 2. Alveolar pathway before, during and after exposure to 22,000 foot altitude (7 
subjects). Point A represents the average of 20 minutes at ground level. This is fol- 
lowed by a five minute ascent to 22,000 feet during which no record was taken. The small 
circles are consecutive five minute averages after arrival at 22,000 feet. B represents the 
end of thirty minute exposure and beginning of descent. No record was taken during five 
minute descent. The small circles during the recovery cycle are again averages of consecu- 
tive five minute intervals during the first twenty-five minutes after arrival at ground level. 
(Alveolar Ventilations are calculated but agree well with observed Total Ventilation 
Values.) ' 

of end-expiratory Haldane-Priestley samples are compared. Of particular in- 
terest is the fact that the discrepancy between the two methods becomes less as 
the altitude increases. This may be due to the increasing ventilation rate. 
Another point of interest in comparing the continuous samples with the forced 
expirations is that the per cept saturation of the arterial blood estimated from the 
alveolar pCOa and p02 with the nomogram of L. J. Henderson (1928) agrees more 
closely with oximeter readings when the values obtained from forced samples 
are used (table 6). The values from the continuous method consistently give 
percentage saturations which are higher than the oximeter readings. 
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The reproducibility of measurements by continuous sampling is indicated by a 
comparison of the data of series III and III A, both of which represent normal 
respiratory behavior of our subjects at 18,000 feet. The results of the two series- 
appear not to be significantly different. 

TABLE 5 


The discrepancy between the continuous and the converUional methods of 
alveolar air analysis at various altitudes 


(1) 

ALTITXn>E 

(2J 

s 

MEAN pCOi 
DOTBBENCE 

(4) 

8.DJC. 

MEANpOi 

DOTEBENCE 

(6) 

SJDJf. 

Ground Level 

112 

2.00 

0.18 

4.06 

0.46 

12,000 

98 

2.20 

0.17 

3.71 

0.27 

16,000 

41 

2.38 

0.22 

3.80 

0.53 

18,000 

121 

1.61 

0.14 

2.95 

0.21 

20,000 

32 

1.38 

0.19 

2.76 

0.56 

22,000 

21 

0.83 

0.25 

1.80 

0.31 


The meaning of the columns is as follows : 

(1) Simulated altitude in feet. (2) The number of comparisons. (3) The mean differ- 
ence (mm. Hg) in values for alveolar pC02 obtained by the two methods. (The continuous 
method always gives the lower values.) (4) The standard deviation of (3) . (5) The mean 

difference (mm. Hg) in values for alveolar pOa obtained by the two methods. (The con- 
tinuous method always gives the higher values.) (6) The standard deviation of (6). 

TABLE 6 


Comparison of values for percentage saturation of arterial blood estimated from 
the two methods of sampling alveolar air with those given by the oximeter 


alutitde beet 

CONTINCOUS SAMPLES 

POECED EXPIEATIOM 

Oximeter 

Hbo, 

pCO» 

pOj 

Calc. Hbos 

pCO, 

pO, 

Calc. HbO, 


mm. Eg 

mm. Eg 

percent 

mm. Eg 

mm. Eg 

per cent 

per cent 

12,000 

34.8 

51.0 

87 

37.0 

47.3 

85 

86 

16,000 

29.3 

44.7 

84 

33.7 

40.9 

79 

80 

18,000 

26.8 

41.3 

82 

28.4 

38.3 

79 

77 

20,000 

25.1 

37.3 

79 

26.5 

34.5 

75 

75 

22,000 

24.3 

33.4 

74 

25.1 

31.6 

69 

67 


2. The Effect of Glucose on the Alveolar Pathway. The flights of series VI and 
VII were performed to test the effects of glucose ingestion on the alveolar path- 
way at 12,000 and at 18,000 feet. Previous work on the effect of carbohydrate 
ingestion on respiratory behavior has been reviewed by Ivy, Friedman and Gro- 
dins, 1944. Beneficial effects of carbohydrate diets in high altitude flights were 
reported by these authors as well as by King et al. (1945a), (1945b), Barach et 
al. (1945) and others. 

If the figures in series VI and VII are plotted on a chart like figure 1 and the 
resulting graphs are compared with control values (series I and III or III A 
respectively) it is evident that at 12,000 feet glucose had a slight effect. At 
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18,000 feet, however, the R.Q. and pC02 were both definitely elevated. This 
confirms the theoretical expectations although the p 02 was, if anything, somewhat 
diminished rather than increased by the glucose. If the sugar had been taken 
slightly earlier the result might have been even more definite. The result is at- 
tributable to an increased metabolic R.Q. as well as increased C ()2 liberated from 
bicarbonate by increased blood lactate. 

3. Work at Ground Level and Altitude (series IX and X and table 4) . The work 
output per minute was calculated at 49.4 kgm. This is the equivalent of 23.9 
cc. of oxygen burning food with a respiratory quotient of 0.831 . The calculated 
extra oxygen consumption required for this work was 277 cc./min. at ground 
level and at 16,000 feet altitude giving a net efficiency of 8.6 per cent. At both 
pressures the alveolar oxygen pressure dropped 4 mm. Hg during the work period 

TABLE 7 


Comparison of observed and calculated ventilation ratios in muscular work 


GROUND IJEVEL 

ALVEOLAR 

\^NTILATION 

VENTILATION RATIO 

OBSERVED 

CALCULATED 


L Intin. 



Rest 

6.34 

1.0 

1.0 

Work 

10.61 

1.67 

2.31 

16,000 FEET 




Rest 

8.70 

1.37 

1.23 

Work 

14.15 

2.23 

2.99 


The V.R. was calculated by Gray’s equation: 


V.R. - 0.4 pC02 - 14.21 -h - toF s ToI 

The constant 14.21 was used instead of 15 to make the ground level resting value == 1.0 
with a pC02 of 37.9. Data for pOa and pCOa are in summary in table 4. 

while the carbon dioxide increased. This change is sufficient to account for the 
decrease in oxygen saturation of the blood. The calculated oxyhemoglobin 
saturation parallels the observed ear-oximeter readings. 

The values of the alveolar ventilation are calculated in table 7 for rest and 
work at ground level and 16,000 feet using the summary data in table 4 and a 
dead space of 210 cc. It is evident that the same work requires an increment of 
5 45 liters/min. at altitude and only 4.25 at ground level. This fact was also 
observed by Gray (1945). All these ventilation rates are reasonably well ex- 
plained by the use of Gray’s equation as given in table 7. The observed and 
calculated ventilation ratios listed in table 7 increase in the sarne order and the 
numerical values are ifot grossly different. This shows that the recorded changes 
in alveolar p 02 and pC 02 are consistent with the measured ventilation rates. 

4. Heart Rate Changes During Exposure to Simulated Altitudes. Heart rates 
were measured ip the above flights to obtain some measure of the circulatory 
stress involved. With the exception of the 12,000 foot yalue, which seems to be 
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out of line with the rest of the data, the rate increases progressively with altitude. 
At the highest altitude (22,000 ft.) it is 127 per cent of the ground level rate. 

The rates obtained during the flights following glucose ingestion are consider- 
ably higher than the corresponding values for the normal series (except at 12,00ft 
ft.). An increased heart rate as a result of the glucose would not be surprising, 
since Boas and Goldschmidt (1932) found that the heart rate tends to be higher 
after a meal than before. Grollman (1929) found that the cardiac output is 
likewise higher after the ingestion of food. 



Fig. 3 Fig. 4 

Fig. 3. Heart rate as affected by time at altitude. 

Ordinates: Heart rate as percentage of ground level rate. 

Abscissae : Time at altitude in minutes. 

Open circles; Data from series I-V (normal series). 

Closed circles: Data from series VI and VII (glucose series). 

Fig. 4. Steadiness test score as related to alveolar oxygen tension and altitude. 

Ordinates; Steadiness test score as percentage of ground level score (mean of eight sub- 
jects). 

Abscissae: Scale at bottom: Alveolar p02 in millimeters of Hg. 

Scale at top: Altitude in thousands of feet. 

The vertical line through each point indicates the standard deviation of the mean. 

The lower of the two curves represents the score expected from anoxia alone, and was 
constructed by the method referred to in the text. 

The change in heart rate with time at altitude is of interest. Figure 3 shows 
that the rate is, in most cases, highest during the first 10 minutes at altitude. 
During the time of exposure it tends to drop progressively. In the 12,000 foot 
series it had returned to the normal ground level rate by the end of the hour. 
This tendency of the heart rate to return toward the normal with time has been 
observed previously by McFarland (1938). It may represent a part of the 
adaptation process of the body to low oxygen tensions. It would be of interest 
to know whether it is accompanied by an increase in the stroke volume or in the 
coefficient of utilization. 
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5. Performance on the Hand Steadiness Test during Exposure to Altitudes. 
Results of the steadiness tests which were administered in flight series I-V are 
summarized in figure 4. The mean of all scores at each altitude is plotted against 
the mean alveolar oxygen tension. A barely significant change in score occurs 
at 12,000 feet. At the higher altitudes the score grows progressively worse. 
The standard deviation of the mean score also increases with altitude. 

An estimate has been made as to how much of the deterioration at each altitude 
is due to anoxia and how much to acapnia. This was done by the method de- 
scribed in a previous report for the construction of a pure anoxia curve (Otis, 
Rahn, Epstein, and Fenn, 1946). The acapnic component was estimated by the 
use of figure 6 of the report just cited. The result of this analysis is shown on 
figure 4, and indicates that a major part of the deterioration is due to anoxia. 
At the higher altitudes the acapnic fraction becomes significant, however. 

The ingestion of glucose appeared to have no significant effect on steadiness 
test performance. The scores for the glucose flights at 12,000 and 18,000 feet 
are almost identical with the scores obtained in the normal flights at these 
altitudes. 

6. Inspired Carbon Dioxide at 16^000 Feet. The effect of addition of 6 per 
cent carbon dioxide to the inspired air at altitude is well illustrated by figure 5. 
On this diagram is plotted the time course of change in alveolar composition 
during the experiments of series VIII. (For data see table 3.) 

During the initial ten minute period of normal air breathing at 16,000 feet, 
the alveolar R.Q. is always above 1.0 but steadily drops as does the alveolar 
p02. The ventilation also gradually decreases. With the introduction of 6 
per cent CO 2 in air the alveolar PCO 2 rises by about 10 mm., and the R.Q. drops 
because CO 2 is being retained by the body. This rise in PCO 2 is accompanied 
by an increase in ventilation which, in turn, results in a gain of about 4 mm. 
oxygen tension in spite of the high CO 2 . For a theoretical discussion of this 
phenomenon see Fenn et al. (1946) or Gray (1944). By the end of 10 minutes of 
CO 2 breathing the R.Q. has risen to a normal level of 0.85 indicating the ap- 
proach of a new steady state. 

Attention should be called to the fact that upon addition of 6 per cent CO 2 
to air the inspired O 2 tension at 16,000 feet is reduced by 5 mm. Hg. If the in- 
spired O 2 per cent had been kept at 20.9 per cent the addition of 6 per cent CO 2 
would have resulted in an alveolar oxygen gain of 5 mm. Hg above that observed 
and would have resulted in an increased oxyhemoglobin saturation of 3 per cent. 
However, from a practical standpoint, the substitution of the same volume of 
O 2 for CO 2 would increase the inspired O 2 to 25.6 per cent representing a gain of 
17 mm. Hg in the alveolar air without the concomitant hyperventilation. 

During the recovery period on air the reverse changes occur and at the end of 
10 minutes the alveolar composition is about the same as immediately before the 
introductioh of CO 2 . Had the whole 35 minutes been spent on air, the alveolar 
PCO 2 and pOi would probably have continued in dr<^.. The alveolar composi- 
tion at the end of 35 minutes in the experiments of series ’II (normal flights to 
16,000 ft.) is indicated on the chart by a solid circle. 
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The lines of equal ventilation, Va, plotted in figure 3 represent only the alveolar 
ventilation. According to the chart the addition of 6 per cent CO 2 increased 
the ventilation from about 10 to about 13 liters per minute. In theory these 



Fig. 5. The effect of 6 per cent carbon dioxide in the inspired air on the alveolar pathway 
at 16,000 feet. 

Ordinates: Alveolar carbon dioxide tensions in millimeters of mercury. 

Abscissae : Alveolar oxygen tensions in millimeters of mercury. 

Parallel diagonals: Isoventilation lines for alveolar ventilations of 10, 12, and 15 liters 
per minute constructed from equation (19) of Fenn, Rahn and Otis (1946) using a value of 
346 cc./min. for the oxygen consumption. 

Converging diagonals: Lines of constant alveolar R.Q. located by use of equation (6) 
from the same source. 

Thesolid R.Q. lines apply toair breathing, the broken lines to breathing 6.0 per cent CO 2 . 

The location of each circle indicates the composition of the alveolar air at the elapsed 
time in minutes indicated by the number in the circle. Plain circles refer to air breathing, 
and starred circles to COj breathing. The solid circle indicates the composition of alveolar 
air at the end of 35 minutes in the experiments of series III. 

values apply to any subject at an altitude of 16,000 feet who has an oxygen con- 
sumption of 346 cc. per min. The approximate accuracy of these calculated 
values is indicated by the observed average values in table 4 which show that 
the total ventilation increased from 12.14 to 15.37 l./min. as a result of the added 
CO 2 . With an assumed dead space of 210 cc. this means an increase of alveolar 
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ventilation from 10.04 to 12.64 l./min. (cf. 10 and 13). With a slightly greater 
increase in ventilation the arterial saturation in the 6 per.eent CO 2 period would 
have been greater than in the control but in this case there was on the average no 
essential change. The large increase in pC02 however enabled the subject to 
attain a higher alveolar p 02 than would have been possible had he remained 
longer at the same altitude, breathing air. 

SUMMARY 

1. The alveolar air composition, ventilation volume, breathing rate and oxy- 
hemoglobin saturation were recorded continuously and heart rate and hand 
steadiness intermittently on 8 subjects in 88 man flights (a) to altitudes of 12, 
16, 18, 20, and 22 thousand feet; (b) to 12 and 18 thousand feet with and without 
previous administration of glucase; (c) to 16 thousand feet with muscular work, 
and (d) to 16 thousand feet with the addition to the inspired air of 6 per cent 
CO 2 . 

2. The respiratory data illustrate the increase in R.Q. and gradual return to 
normal during the hour at altitude as well as the subnormal R.Q. and return to 
normal during recovery. The time course of these changes is illustrated on a 
PO 2 -PCO 2 chart. 

3. The increased ventilation at altitude was accomplished by increase in tidal 
volume only, except at the 22,000 foot altitude, Ventilation was maximum 
during the first five minutes at altitude. 

4. Heart rates showed an immediate increase on exposure to altitude, and 
dropped toward normal with continued exposure. 

5. Hand steadiness showed a barely significant change at 12,000 feet, and grew 
progressively worse with increasing altitude. 

6. The most conspicuous effects of previous glucose ingestion were an increased 
R.Q. and an augmented heart rate. 

7. A given amount of muscular work increased the ventilation more at 16,000 
feet than at ground level, but lowered the alveolar p 02 by thd same decrement 
under both conditions. 

8. Addition of 6 per cent CO 2 to the inspired air at 16,000 feet increased the 
alveolar pC02 10 mm. and the p02 4 mm. 

9. Alveolar samples obtained by the continuous method show a higher p02 
and a lower pC 02 than those obtained by forced expirations, but the discrepancy 
becomes less as. the altitude increases. 
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It has recently been found that the magnitude of both the decrease in tloer- 
ance for insulin and the atrophy of the adrenal cortex increased, when, in addi- 
tion to removal of the pars anterior and the posterior lobe, the tissue of the 
hypophysial stalk was progressively encroached upon (1). It was also reason- 
ably certain that these functions were not materially affected by total removal 
of the pars anterior tissue, provi<Jing sufficient stalk tissue was left undisturbed. 
From these observations, it was concluded that hypophysial stalk tissue, pre- 
sumably the pars tuberalis, possesses the ability to elaborate the autacoids 
which normally maintain these functions. 

The question was immediately raised as to whether the elaboration of these 
autacoids was specifically limited to stalk tissue, or whether such elaborating 
powers were common to both the pars tuberalis and the pars anterior. 

In the event the former situation obtains, removal of the major portion of 
the stalk tissue, in spite of a sparing of distal pars anterior tissue, should pre- 
cipitate the same degree of deficits which is encountered following near-total 
hypophysectomy (1). If the latter situation obtains, this procedure should be 
accomplished without precipitating noteworthy deficits. 

This report describes the results obtained in a small series of dogs in which 
such a selective removal of the hypophysial stalk tissue was accomplished, 
and in which the results are unequivocal. 

Methods. Operatim procedures. After the right lateral aspects of the 
hypophysis, the stalk, and the hypothalamus were exposed by the subtemporal 
approach, as previously described (1), the stalk tissue was removed in one of 
the following two ways. 

In the first part of the series the stalk was cut distally with one snip of the 
scissors so that a ^ood rim of pars antmor tissue remained attached to the 
stalk tissue (see line 2, fig. 1 A). A small metal disc was then placed against 
the cut surface of the isolated hypophysial tissue to protect this tissue from 
the heat of the cauterization probe. The stalk tissue left dangling from the 
hypothalamus was then cauterized. 

This method was soon discarded because of 1, the uncertainty of devitalizing 
all the stalk tissue, and 2, the frequent encroachment upon the tuberal portion 
of the hypothalamus. Instead, after the stalk is cut with one snip of the scis- 
sors as close to the hsrpothalamus as possible (see line 1, fig. lA), a second cut 

^ Aided by a grant from the John and Mary R. Bifarkle Foundation; 
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Fig. 1. Schemata illustrating the surgical procedure attempted and the surgical results 
attained in several of the dogs. 

In A is shown the schema of a sagittal section through the hypophysis and hypothalamus 
of the dog, upon which lines 1 and 2 are superimposed to indicate the relative position of the 
two scissor cuts made through the stalk. The tissue between the two lines was removed as a 
surgical specimen or destroyed by cautery in the stalk removal procedure. The exact pla- 
cing of the scissor cuts, of course, varied, as did the disappearance of tissue bordering the 
scissor cuts due to disturbances in blood supply. 

In B, C, D, £, and F, the blacked -out area is the estimated amount of and location of the 
hypophysial tissue found to be absent, as determined from inspection of representative 
sections taken from the series on these dogs. 

B. Location and extent of the lesion in dog 1. Note that only a small proximal fragment 
of tuberalis and infundibulum tissue remained attached to the hypothalamus. See figures 
2A and 3A. 

C. Location and extent of the lesion in dog 2. Note that only a very small fragment (pos- 
teriorly) of the proximal tuberalis remained, but that rather a large fragment of the proximal 
infundibulum tissue remained undisturbed. In this dog, the edges of the two scissor cuts 
are readily seen on the section, but it is to be noted that considerable of the tuberalis tissue 
disappeared proximal to section 1 . See figures 2B and 3B . 

D. Location and extent of the lesion in dog 3. Note that only a very small remnant of 
the proximal tuberalis and infundibulum remained attached to the hypothalamus. Also, 
that there was considerable disappearance of the hypophysial tissue distal to scissors cut 
no. 2. See figures 2C and 3C. 

£. Location and extent of the lesion in dog 4. Note that some tuberalis and infundibu- 
lum tissue remained attached to the hypothalamus. Also that the entire posterior lobe was 
absent except for a few small islands of intermedia tissue. See figures 2D and 3D. 

F. Location and extent of the lesion in dog 5. Note that there was a small fragment of 
the tuberalis and infundibulum left attached to the hypothalamus anteriorly, and that there 
was a just perceptible gross infringement upon the hypothalamic tissue posteriorly. Also 
that only the extreme distal portion of the pars anterior tissue remained viable. See figures 
2£ and 3£. 
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is made through the proximal portion of the pars anterior (see line 2, fig. lA). 
The tissue freed by the two cuts is picked up as a surgical specimen and stored 
in formalin for reference. This procedure prevents encroachment upon the 
hypothalamus, as well as leaving attached to the hypothalamus more than a 
remnant of the proximal stalk. 

Tissues. The routine handling and staining of tissues has been previously 
described (1). 

Results. Accomplishment of operative objective. The selective removal of 
the hypophysial stalk tissue was attempted in 15 dogs. The hypophysial 
stalk tissue, except for small fragments of the proximal tuberalis and infundib- 
ulum which remained attached to the hypothalamus, was successfully removed 



Fig. 2. Insulin tolerance curves for dogs 1 to 6. Compare with figures 1 and 3. 


ih 11 of the 15 animals. Three of these were complicated by a slight infringe- 
hypothalamus. In the remaining 8 dogs the hypothalamus 
remained undisturbed f accordingly, the operative objective was accomplished 
in 8 animalsj In all Of these a sizable portion of the isolated pars anterior 
tissue remained yiable, but the estimated percentage of the total amount varied 
considerably, as is showli by the schemata in figure 1 . 

Tolerance for insulin. Five of the eight dogs successfully tolerated i or 1 
unit of insulin per kilogram of body weight, and accordingly they showed no 
appreciable change from the normal in this function. The three remaining 
dogs exhibited a definite decrease in insulin tolerance (5 to 20 times), but this 
was far from maximal (80 to 200 times). The results of the assay of insulin 
tolerance in five of these dogs , are shown ih figure 2. The operative results on 
these same dogs are shown in figure 1. 
lAdrerml carUx size. At autopsy the adrenal glands of all eight dogs were 
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within what might be considered to be the normal range in over-all size, shape, 
color and thickness of the cortex. Although partial atrophy was suspected in 
some cases, certainly in no instance was there anything akin to the degree of 



Fig. 3. Photographs of the left adrenals of dogs 1 to 7. Compare the over-all size and 
the width of the cortex of each gland with the ot her glands, but i)articularly with the one in 
G, where cortical atrophy was maximal. In making these comparisons, keep in mind the 
weights of the individual animals. 

A. Dog 1, at the time of operation, was an adult female weighing 10 kgm. It was main- 
tained 4 months after the stalk removal operation, at which time it weighed 13 kgm. See 
figures IB and 2A. 

B. Dog 2, at the time of operation, was an adult female weighing 10.5 kgm. It was main- 
tained for 25 months subsequent to the stalk removal procedure, at whicl- time it weighed 
10 kgm. See figures 1C and 2B. 

C. Dog 3, at the time of operation, was what was judged to be a three-fourths grown fe- 
male puppy, but, exact age was unknown, weighing 4 kgm. It was maintained for 14 months 
after the st alk removal procedure. At the time of pancreatect omy performed 56 weeks after 
the first operation, the dog weighed 6 kgm., and was sexually mature. See figures ID and 
2C. 

D. Dog 4, at the time of operation, was a sexually immature “senior pup”, weighing 7 
kgm. It was maintained for 10 months subsequent to the stalk removal procedure, at which 
time the animal was still sexually immature and weighed 7.5 kgm. See figures IK and 2D. 

E. Dog 5, at the time of operation, was a sexually immature female “senior pup” weigh- 
ing 5.5 kgm. It was maintained for one year after the stalk removal procedure, at which 
time it was still sexually immature and weighed 7.5 kgm. Sec figures IF and 2E. 

F. Dog 6. In this dog an ordinary hypojdiysectomy was attemptedVnd'one intermediate 
between a near-total and an ordinary one was al tained. At the time of operation, it was an 
adult female weighing 8.5 kgm. It was maintained for 49 postoperative weeks, at which 
time it weighed 10 kgm. See figure 2F. 

G. Dog 7. The operation attempted and attained in this dog was an extreme near-total 
li.ypophyscctomy. At operation it was an adult female weighing 9.5 kgm. Subsequent to 
operation, anterior lobe extract (Parke-Davis) and adrenal cortex extract (Upjohn) were 
administered daily for short intervals on several occasions. The dog died in a crisis 8 
months after operation, at which time it weighed 8 kgm. 

atrophy which is routinely encountered in the chronic near-total hypophysec- 
tomized preparation (1). These features are apparent from the photographs 
shown in figure 3. 

Adrenal cortical function. In no animal was there any outward manifestation 
of adrenal hypofunction. If partial cortical atrophy was present, corticual 
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function was not reduced in any instance to anywhere near a critical level. 
T his was evidenced by the fact that these animals 1, withstood the relatively 
severe surgical stress of pancreatectomy without untoward effects, and 2, 
they tolerated an environmental temperature of 5°C. for an eight-hour period 
without showing any deviation from the normal in rectal temperature. Such 



Fig. 4. Icebox test curve for dog 3. The test was run 49 weeks after operation. 


a test for dog 3 is shown in figure 4. Both the environmental temperature 
tests and the pancreatectomies^ were carried out several months after the 

« The functional effects of pancreatectomy in this series have been interesting in two 
respects First, of two animals which had lesions that appeared to be homologous, one 
exhibited typical diabetes mellitus (dog 1; see figs. IB, 2A, 3A), while the other (not 
illustrated) exhibited a near-maximal Houssay effect. The other animals oMhe series 
exhibited diabetic levels between these two extremes, but a tendency toward the Houssay 
effect predominated.lfThe animal exhibiting the near-maximal Houssay effect displayed no 
noteworthy deviation from the normal in any other function, save that of having a hyper- 

active sex drive (male). , . • n 

The other feature of considerable interest, which has been encountered in this as well as 
in related series, is the apparent selective dissociation of post-pancreatectomy disturbances 
in carbohydrate metabolism from those of fat metabolism. Thus we have a few isolated 
protocols where the dogs developed no post-pancreatectomy hyperglycemia or glycosuria, 
but severe acidosis developed progressively and rapidly with death occurring in 6 to 10 days; 
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hypophysial surgical procedure, thus allowing more than adequate time for 
possible deficits to become fully developed and stabilized. 

Discussion and conclusions. Gross delimination of elaborating tissue. It is 
evident that elaboration of the hypophysial principles, which maintain the 
adrenal cortex and its functions and the ability of an animal to tolerate normally 
a dose of insulin, is not restricted to the stalk tissue. Conversely, it is equally 
evident that the distal tissue of the pars anterior possesses these elaborating 
powers. Accordingly, the possibility that we might be dealing with an over-, 
lapping of tiiberalis elements into the proximal portion of the pars anterior is 
ruled out. It is also evident that a relatively small amount of pars anterior 
tissue is capable of maintaining these functions within what is considered the 
normal range. 

The question of the elaborating elements. The question naturally arises, 
“What are the cellular elements which are responsible for the elaboration of 
the endocrine factors under consideration?’’ As yet our histological studies 
have yielded nothing approaching a definitive answer. However, it might 
not be amiss to comment that in nondifferential staining procedures, the chro- 
mophobic population of the pars anterior does not differ radically from the 
predominant cellular population of the pars tuberalis. Save for the delimiting 
line made by the prominence of the acidophiles in the pars anterior and their 
abrupt sparsity in the pars tuberalis, even following differential staining pro- 
cedures, it still remains a problem to ascertain histologically the exact line of 
demarcation between these two subdivisions of the adenohypophysis in the 
dog. Also, on the basis of a few isolated but distinctive protocols taken from 
our series, it appears that sex deficits and dwarfing can be precipitated by the 
stalk removal procedure without noteworthy deficits in carbohydrate and 
adrenal functions. Histologically the isolated remnant of the pars antrcrior 
exhibited marked variations in the basophilic and acidophilic elements, but 
no noticeable deviation from the normal in the cbromophol>es. On the basis 
ol these observations, we, momentarily at least, are thinking in terms of the 
responsible elaborating elements as being aligned with the chromophobic cellu- 
lar population of the adenohypophysis rather than with the acidophilic or 
basophilic elements. We are aware that currently the chromophobe cells are 
riot allocated a secretory function (2), but we see no convincing reason for dis- 
counting siudi a probability. In fact, we are also inclined to think problem- 
atically in terms of there being functionally several types of chromophobic 
cells even though histologically they are indistinguishable. How else can one 
explain the selective dissociation of the various hypophysial deficits — resulting 
presumably from surgical sequelae — following graded hypophysectomy pro- 
cedures? 


and in other instances there occurred a typical maximal hyperglycemia and glycosuria, but 
no corresponding acidosis. 

These findings must, of course, be checked carefully in a much enlarged series of animals, 
but they are sufficiently striking and problematically suggestive to warrant mention in this 
connection and in this manner. 
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Correlation between decrease in instUin tolerance and atrophy of adrenal cortex. 
There has been a good deal of speculation pertaining to the relative parts played 
by the direct effect of hypophysial absence and the indirect effects of adrenal 
cortical atrophy in the over-all decrease in insulin tolerance following hypophy- 
sectomy. In this connection, it is peYtinent to call special attention to the 
profound decrease (200 times) in insulin tolerance which obtained in dog 6 
(fig. 2F) in the presence of only a moderate atrophy of the adrenal cortex (fig. 
3F). Here is an instance where there was essentially a complete dissociation 
of these two hypophysial functions. 

SUMMARY 

The tissue of the hypophysial stalk which is removed in executing a near- 
total hypophysectomy was removed with a sparing of a sizable amount of the 
distal pars anterior tissue in 8 dogs (stalk removal procedure). 

Most of the dogs subsequently showed no noteworthy deviation from the 
normal in 1, the size of or the function of the adrenal cortex, and 2, the ability 
to tolerate one-half to one unit of insulin per kilogram of body weight admin- 
istered subcutaneously. Some atrophy in the adrenal cortex was suspected 
and a decrease in insulin tolerance was definite in a few of the animals, but in 
no instance did these deficits approach in magnitude those which are routinely 
encountered in the near-total hypophysectomized dog. 

On the basis of these results and those previously published (1), it is concluded 
that the hypophysial control over the adrenal cortex and the over-all carbo- 
hydrate reserves (as reflected by insulin tolerance) are mediated by elements 
located in the cellular population of both the pars tuberalis and the pars anterior. 
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Previous studies (2, 3, 4) have indicated the existence, in man, of pools of 
spinal extensor motoneurons which are in a state of enduring excitation, as 
reflected in low reflex thresholds. These were reproducible over periods of 
months. Persistent differences in threshold were found from subject to sub- 
ject, among segments of the same subject, and between sides of the same segment. 

This paper reports the following: a, the correlation of reflex threshold with 
other segmental features, and 6, the intersegmental spread of excitatiop. Pre- 
vious observations of threshold differences were confirmed with improved 
technics. 

Methods. All the subjects were young men apparently in good health. 
Each electrode, a bare 1 inch 25 gauge hypodermic needle, was inserted perpen- 
dicularly to the skin, through a procaine wheal 3 cm. to the left of the tips of 
the spinous processes T4, Pe, Tg, and Tio, into the underlying erector spinae 
mass. Each muscle electrode was coupled with another 25 gauge needle which 
was inserted intradermally through the wheal. This type of electrode pairing 
permitted a higher degree of localization and sensitivity than the previous 
practice (2) of pairing 2 electrodes in muscle, 1 segment apart. Action poten- 
tials were recorded as previously described (2). 

The reflex threshold of a given segment was obtained by determining the 
lowest pressure, applied over the spinous process of that segment, which elicited 
spike potentials from the spinal extensor at the same level. Measured pres- 
sure stimuli were applied over the spinous process by means of the pressure 
meter previously described (2). To simplify tabulation, responses to pressure 
stimuli were grouped and designated as follows: 1-2 kgm. Low (L); 3-5 kgm. 

1 These studies were supported by grants from the Research Fund of the American 
Osteopathic Association. 

2 It is not intended to imply that the sensory fibers at the spinous process and motoneu- 
rons of the muscle at that level both emerge from the same segment of the cord, since such 
an anatomic relationship has not been demonstrated. It is probable, however, that a given 
spinous process bears a closer neural relationship to neighboring muscle segments than 
remote ones and that there is more or less parallel segmental “spacing” in the cord. 
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Medium (M); 6-7 kgm. High (H); and no activity at the top limit (7 kgm.) of 
the stimulator, None (N). In figure 1, however, the actual thresholds are 
given. 

In addition to establishing the local threshold for each of the four segments, 
the pressure required at each of the four spinous processes to elicit reflex activity 
from each of the other three recording sites was determined. In every ex- 
periment, therefore, the thresholds of 16 related reflex pathways were established. 
These furnished the data also for determining the extent and facility of spread 
of excitation among the segments studied. 

Results. Part I. Threshold Differences; Segment to Segment and Subject 
to Subject, Figure 1 (arrows are to be disregarded until a later section) shows 
the differences in (local) threshold that may exist among the 4 selected seg- 
ments of a given subject, and among corresponding segments in different sub- 
jects. Thresholds of 1-5 kgm., called L and M in other charts, occur most 
frequently at T4 and Te and thresholds of 6 kgm. and more (H and N) at Tg 
and Tio. 

Constancy of Reflex Thresholds. Thresholds remained essentially constant 
over periods of months. The largest difference between duplicate determina- 
tions was equivalent to one threshold group and even this difference was not 
common. 

Threshold Differences Between Right and Left Sides. In a previous study on 
30 subjects (2) it was shown that the mean threshold-segment curves of the 
right and left sides did not coincide, considerable divergence occurring at some 
levels. Two experiments, with the improved electrode technic introduced 
in this study, confirmed the existence of threshold differences between the 
right and left side of the same segment. 

In one experiment, the threshold of Tg was N (over 7 kgm.) for the right 
musculature and, at the same time, 2 kgm. for the left. In the other, the right 
side of Tg responded to 1 kgm. of pressure over the spinous process, while the 
left side failed to respond when the top limit of the stimulator (7 kgm.) was 
applied over the same spinous process. 

Location of the Sensory Element. When the periosteum and other tissues 
closely investing the tips of spinous processes of low threshold segments w^ere 
procainized, the thresholds were considerably elevated, often beyond the limit 
of the pressure meter . In contrast, procainization limited to the skin over- 


Fig. 1 . All 30 experiments are diagrammed and arranged according to pattern. The 
bold type numeral under each segment represents the “self-threshold"’ (discussed in part 
I) in kilogram for that segment, e.g., the pressure on the spinous process of T 4 required to 
elicit ebctrically detectable activity in the erector spinae mass at T 4 . The arrows indicate 
the incidence and direction of spread between all possible pairs of segments. The number 
on each arrow indicates the pressure applied to the spinous process of the segment from 
which the arrow originates, in order to initiate activity in the segment to which the arrow 
points. The absence of an arrow in one direction or the other between a given pair of seg- 
ments indicates that evidence of spread was not obtained within the 7 kgm. range of the 
pressure meter. Thus, between a given pair of segments, dependent upon factors which 
are examined in subsequent sections, ithere may be no spread, one-way spread, or two- 
way spread. 
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lying the spinous process did not, in any case, affect the threshold. It appears, 
therefore, that important receptors or nerve endings for this reflex are closely 
related to the tip of the spinous process. 

Correlation of Other Characteristics with Reflex Threshold. 1. Pain. Pain at 
the spinous process was not commonly produced in segments having high (H 
or N) reflex thresholds even with severe pressures beyond the range of the 
stimulator. When it did occur, it was fleeting and did not outlast the stimulus. 
In contrast, at L segments (and to a lesser degree at M segments) pain usually 
occurred well within the 7 kgm. range, and often outlasted the stimulus. Fur- 
ther, this low threshold pain was invariably reported as “ different and said 
to resemble that resulting from a '‘bone bruise’\ 

2. Post-traumatic soreness. After repeated stimulation, the spinous process 
of an L segment often remained tender for more than 24 hours; this did not 
occur at H or N segments. 

3. Differences in physical charc^teristics of supraspinous tissues. The differ- 
ences in the palpable characteristics of the tissue overlying L and N spinous 
processes are marked, and detectable even by relatively inexperienced observers. 
The differences exist mainly in the skin and in the tissues which closely invest 
the vertebral spines. In the absence of reliable objective methods for the 
study of tissue texture, palpation was relied upon and description given in 
subjective terms. We believe the words “doughy'' and “boggy" are the most 
descriptive of the texture and resiliency of the tissues overlying the spinous 
processes of low threshold segments. In high threshold areas, the tissues are 
not doughy and the bone outlines are sharp and hard. Differences in physical 
palpatory features of the adjacent muscles may also be detected. In low 
threshold areas the spinal extensors appear to possess less resiliency to pressure 
deformation than corresponding muscles in high threshold segments, and “ropy" 
and hyperesthetic bundles may often be identified. 

The differences in physical characteristics among the tissues overlying the 
spinous processes of segments of different threshold were sufficiently character- 
istic and marked that palpation of these tissues by an experienced observer 
permitted fairly reliable prediction of pressure threshold groups (L, M, H, or 
N). When such predictions, made on the 4 selected segments on each of 10 
subjects, by one of us (J. S. D.) ^ere compared with the independently de- 
termined electromyCgraphic findings the predictions were found accurate, with 
respect to threshold group, in 35 out of the 40 vertebrae palpated; the remaining 
5 were off by only 1 threshold group. 

4. ''Rest activity'\ Normal muscle, completely at rest, is characterized by an 
absence of action potentials (1, 2-5, 7, 8, 10, 15-17). 

For obtaining electromyograms of the spinal extensors, with the necessary 
needle contacts, the prone position provides optimal relaxation. Despite 
apparent relaxation of subjects “rest activity"* was frequently encountered at 

' * This term, used by Buchthal and Clemmeson (1) to designate activity in the absence 
of voluntary effort is to be preferred over ‘^spontaneous activity*’, used in previous reports 
from this laboratory, since the latter may incorrectly imply that the activity originates 
at the motoneuron itself. 
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Apparent ‘'rest activity'* was only very rarely encountered at H or N seg- 
ments, and was always easily abolished by correction of some positional stress. 

Thus, low threshold segments are apparently hyper-excitable, not only to 
pressure stimuli applied to the corresponding spinous process, but also, to 
impulses reaching them from higher centers and from proprioceptors. . 

Part II. In part I, observations have been presented concerning the re- 
sponse of segments of the erector spinae muscle to pressure stimuli applied to 
corresponding spinous processes. In this section observations are reported on 
the responses in muscle segments to stimulation of remote spinous processes, 

i.e., on observations of irradiation or intersegmental spread of excitation. 

Spread Patterns. Incidence and distribution of spread among the four 
segments fell into five distinct patterns or groups (fig. 1). 

1. Order of spread. There is a definite order to the frequency with which 
the different arrows appeared in the series of 30 experiments. We consider 
that these frequencies are an index of 1, the probability of spread in a given 
direction between a given pair, and 2, the order in which spread tends to appear 
in the progression toward “complete reciprocity" among the 4 segments. This 
progression and the frequencies are shown in figure 2. 

2. Segmental level. The upper 2 segments participate in spread with sig- 
nificantly greater frequency than the lower two. The number of arrows (figs. 
1, 2) to and from each segment were as follows: 

T4~ 88; Te- 92; Tg- 69; Tio- 47^ 

It will be noted (fig. 1) that when only 2 segments are involved in spread 
they are invariably the upper two (T4 and Te) ; when only 3 are involved, they 
are the upper 3. 

3. Segmental threshold. Frequency of spread to and from a given segment 
is inversely related to threshold. No-spread pairs consist predominantly of 
H and N segments; two-way spread pairs consist predominately of L and M 
segments; and the one-way spread pairs exhibit intermediate thresholds. 

4. Segmental intervals. (Distance between the members of a pair.) The 
incidence of spread declines with increasing distance between segments. The 
relation of thresholds and of segmental intervals to incidence of spread is shown 
in figure 3. 

5. Direction of spread. Figure 2 shows that incidence of cephalic spread far 
exceeds that of caudal spread (except for a slight caudal predominance between 
Ts and Tio). Of 32 cases of one-way spread (fig. 1) 29 are cephalic. Further, 
where there is two-way spread, the thresholds for cephalic spread are pre- 
dominantly lower than those for caudal spread. 

^ Since T4 and Tio are the terminal segments in the arbitrarily selected series of segments 
they are at a relative disadvantage as regards spread. However, were the serms extended to 
include T2 and T12, segments T# and Ts, as well as Tr and T jo, would also show increased 
participation in spread. T4 would probably show the largest increase of all, certainly 
larger than that of Tjo. The relative superiority of the upper segments of the series would 
remain. 


STUDIES OF FACILITATION IN MAN 


235 


Our analysis of the data indicates that preferential cephalic spread is an 
mtnnsic feature of th^e reflexes and that the greater facility for cephalic spread 
exists regardless of ^-hether the threshold of the superior segment (of a given 
pair) IS lower than higher than, or the same as that of the inferior segment. 

In view of the fact that L’s and M’s are predominantly in the upper seg- 
ments, this may be related to the intrinsic directional factor. Nevertheless, 
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ing no spread at a 2 segment interval, 4 were M, 7 were H, and 69 were N. 


the fact remains that, in our experiments, the reflex muscular responses of L 
and M segments were relatively easily evoked by stimulation of the spinous 
processes of remote H or N segments; spread in the reverse direction was un- 
common. Stunulation of the N spinous process not only failed to elicit re- 
sponses from muscles of the same segment, but also those of (N or H) segments 
which intervene between it and the responding L segment. (Expts. 35, 22, 
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Selective spread of excitation to L segments was further demonstrated by 
the application of slight tactile stimulation to remote areas of skm (e.g., shoulder 
or scapula) whereupon activity frequently appeared in L segments, but never 

6. Procainization and spread. It is of interest in this connection, although 
our observations are as yet few, that while procainization of the spinous process 
of an L segment raised the self-threshold beyond 7 kgm., the reflex responsive- 
ness of that segment to stimulation of other spinous processes remained un- 

Discussion. These experiments confirm, in location and degree, that 
significant subject-to-subject and segment-to-segment differences in spinal 
reflex thresholds occur in the “normal” human. 

The data indicate that differences in pressure thresholds reflect differences 
in central facilitetion, and that the facilitation is due to a bombardment of the 
motoneurons by, impulses originating, in part at least, from points other than 
the spinous process which was the site of stimulation. The evidence may be 

summarized as follows: i i- i j. +• 

1. The L and M segment shows hyper-excitability to local and distant stimu- 
lation including that from N segments. Impulses from an N spinous process 
may bypass motoneurons in intervening high threshold segments to activate 
motoneurons in the ventral horn of a more distant L or M segment. 

2 The effectiveness of pressure at the spinous process of N segments m 
eliciting activity from remote L or M segments is not ascribable to mere facili- 
tation of continuous impulses from the spinous processes or supraspinous tissues 
of the L and M segments, since at least from our limited observations, the 
responsiveness of an L segment (to distant stimulation) is unchanged by pro- 
cainization of the tissues closely investing its spinous process. 

3. Spread to L segments is much more frequent than spread /rom L segments. 

4. L segments are hyper-excitable to impulses other than those ongmatmg 
from external stimulation; “rest activity” is common in these segments. 

5. Right and left sides, at the same level, may show strikingly different 
thresholds to pressure at the same spinous process. 

Lloyd’s studies (11, 12), with facilitating volleys, of the quantitative re- 
lationship between subliminal fringe and the discharge zone in the cat have 
led to his conclusion that (11) “It is unlikely therefore, that any significant 
number of motoneurons are close to or at threshold in the resting pool, tor, ri 
. there were, the first afferent impulses to enter the pool should secure a post- 
synaptic discharge”. His work demonstrated that a motoneuron pool, in the 
absence of a facilitating or test volley or both (to the dorsal root), is resting. 

This resting state represents a check on the far-flung intemeuron system 
and, in effect, insulates the final common path against finng every time an 

afferent impulse reaches the pool. , _ _ 

While such a mechanism certainly exists in man and while Lloyd dem- 
onstrated it in experimental preparations where complete control of facilitating, 
inhibitory and test volleys can be maintained, our observations indicate that 
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in ^‘normal”, intact man it is possible to have quite a different situation. Not 
only may different pools, in close anatomic proximity, show different (and 
constant) degrees of closeness to threshold but, indeed, certain pools may be 
at, or above, threshold (rest activity) in the absence of external stimulation. 
Since Lloyd has demonstrated that a considerable portion of the cells in a 
motoneuron pool must be in a state of subliminal excitation before discharge 
from that pool occurs, it seems apparent that reflex thresholds (measured by 
the pressure meter) are a measure of the size of the subliminal fringe or of the 
degree of facilitation maintained at a given spinal segment. Thus a 1 kgm. 
segment has such a large subliminal fringe that relatively few additional 
impulses reaching it (from any source) will extend it into the discharge zone. 

In addition to the demonstration of central facilitation, correlation was 
found among a, the reflex threshold; h, the palpable characteristics of supra- 
spinous tissues; c, the susceptibility of those tissues to lasting soreness following 
minor trauma, and d, the pain threshold (and pain characteristics); the basis 
for this correlation has not yet been learned. 

An attractive possibility which might account for this relationship is that in 
a given segment there are pools of neurons other than anterior horn cells that 
are also facilitated and that their hyper-activity, through trophic, vasomotor 
or other influences, produces the observed changes in the tissue. 

The lower resistance to minor trauma and to painful stimuli inay be secondary 
to the tissue alterations. Certain similarities to the noeffensor tenderness 
described by Lewis (9) are indicated. The possibility remains, however, that 
the lowering of the pain threshold may also be due, in part at least, to central 
facilitation. 

The facilitation indicated in the low threshold pool may explain what Mac- 
kenzie (13, 14) referred to as exaggerated responses in an area of “irritable 
focus” and, by direct evidence, establishes the latter at either the interneurons, 
the motoneurons, or both. Hinsey and Phillips (6), in connection with referred 
pain, have also translated the “irritable focus” into terms of facilitation. 

The final question to be asked in connection with the present observations is 
concerned with the origin or origins of the impulses which facilitate the low 
threshold pools. Several sources suggest themselves: the higher centers, 
viscera, proprioceptors (i.e., joints, tendons, ligaments or muscles). In these 
experiments, however, the high degree of constancy and especially the high 
degree of localization — to one or two segments, the frequent differences in 
threshold of right and left side of the same segment, and the absence of psy- 
choneurotic and visceral symptoms in our subjects would seem to rule out the 
first two as major sources.^ We are inclined to believe that the facilitating 
impulses arise from segmentally related structures. 

® This is not to deny that psychogenic or viscerogenic impulses may significantly affect 
segmental thresholds. Our own experiments demonstrate that apprehensiveness, anxiety, 
transient illness, etc., may cause widespread lowering of thresholds. In our subjects 
these influences appear to have been superimposed on the primary, and more constant, 
factors influencing thresholds. 
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SUMMARY 

1 The reflex responses of the erector spinae muscles to 
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Our studies on the peripheral circulation of animals subjected to hemorrhagic 
and traumatic shock have emphasized the development of characteristic dis- 
turbances in the terminal vascular bed. These disturbances could be classified 
into two categories: an initial, hyper-reactive response which is compensatory, 
and a subsequent, progressive impairment of the vascular responsiveness, 
which is decompensatory. The precise nature of these disturbances and their 
relative ease of detection have offered a means of determining progressive 
changes in the shock syndrome in a manner hitherto impossible. Moreover, 
by injecting small quantities of blood of the shocked animals into test rats, it 
was found possible to use these criteria to determine the presence of humoral 
substances in the blood. A preliminary report of this has been published (1). 

Cannon (2), Bayliss (3), Moon (4) and others had proposed the concept that 
the blood carries principles which either initiate or contribute to shock condi- 
tions. However, no one has hitherto been able to substantiate this concept 
because the criteria used, such as blood-pressure changes and survival, have 
been too gross to serve as evidence. Attempts to produce shock in a normal 
animal by replacing its blood with that of an animal in shock have not clarified 
the problem. Such a procedure involves the removal of large amounts of blood 
"from both donor and recipient and this introduces complications which defeat 
the purpose of the experiment. 

The present contribution presents a detailed analysis of the occurrence of 
two types of humoral principles in the blood of animals subjected to a variety 
of experimentally induced shock procedures. 

The findings are based on a technique which involves the responsiveness of 
the terminal arterioles and precapillaries to the topical application of epine- 

1 This work was done under contract, recommended by the Committee on Medical Re- 
search between the Office of Scientific Research and Development and New York University. 
It was also supported by Eli Lilly and Co. and the Josiah Macy Jr. Foundation. 
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as no. 8, in the references of the present paper. The sixth on the rat tourniquet is in Ann. 
Surg. 120 : 791, 1944; the seventh on anesthesia, in Surgery 18 : 48, 1945; the eighth on tourni- 
quet shock, in Surg., Gynec. and Obstet. 80 : 593, 1945 and the ninth on anesthesia, in An- 
aesth. 6: 362, 1945. 

2 Present address, Department of Medicine, Cornell University Medical College and The 
New York Hospital, New York City. 

* Other individuals participating in the study were C. G. Grand, C. Hyman, M. J. Kopac, 
M. E. Krahl, R. E. Lee. 
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phrme. The method of assaying the vasotropic activity of any given blood 
sample consists of injecting small quantities of the blood into a rat and observing 
the effect on the blood vessels of the exposed meso-appendix. The method has 
two unique features. First, the amount of blood needed for the tests is so 
small, that it can be taken at repeated intervals from the donors without un- 
duly influencing the oligemic aspects of the shock syndrome. Second, the 
reactions of the capillary circulation in the test rat are highly selective and 
serve as extremely sensitive criteria for detecting the presence of vasotropic 
principles,. 

The investigations described in this paper are based on criteria of structure 
and functional activity of the peripheral vascular components already established 
in detail (5) for a variety of tissues in a large series of normal animals. It is 
necessary to recite here two main features of the normal circulation. One is 
vasomotion, a periodic dilatation and contraction of the terminal arterioles, 
metarterioles and precapillary sphincters. The other is the existence of ^ a 
precise level of reactivity which the muscular components of the normal capil- 
lary bed show to epinephrine. These are the features which exhibit character- 
istic alterations in the course of the development of the shock syndrome. 

Two types of reactions could be distinguished, a vasoexcitor and a vasode- 
pressor, of which one, and later, the other were found to predominate during 
the progressive stages of the syndrome. The participation of these reactions 
in the shock syndrome serves to explain many of the phenomena which lead to 
and culminate in the collapse of the peripheral circulation. More recently 
(6) it has been demonstrated that the vasoexcitor principle (VEM) has its 
origin in the kidney and the vasodepressor (VDM) in the liver and in trauma- 
tized skeletal muscle. 

Methods. During the course of studies over a period of years in this labo- 
ratory, riiock was produced by a variety of procedures in a total of about 600 
animals. These included 170 dogs and 60 rats which were subjected to hem- 
orrhage, acute and graded (7, 8) j 46 dogs, 10 cats, 150 rabbits and 75 rats sub- 
jected to hind-limb tourniquet (9, 10); 160 rats subjected to trauma in the 
Noble-CoUip drum (11); and 9 dogs subjected to leg pounding. The last were 
obtained through the co-operation of Dr. M. I. Gregersen and Dr. W. S. Root 
of the College of Physicians and Surgeons, Columbia University. 

Young rats, weighing from 100 to 160 grams were used for testing the vaso- 
tropic activity of blood samples. They were anesthetized by intramuscular 
injection of sodium pentobarbital (3 to 4 mgm. per 100 grams of body weight). 
The majority of the test rats were prepared only for observing the capillary 
bed of the meso-appendix. Some were mounted for simultaneous observation 
of the circulation in the interdigital web under one microscope and in the ex- 
posed meso-appendix under a second. The interdigital web was used chiefly 
for recording the blood pressure by means of a specially constructed, pneumatic 
inflation cuff around the thigh (12). The record was obtained by noting the 
amount of pressure required to interrupt the blood-flow through the arterial 
vessels in the skin of the interdigital web. 
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The method for exposing the meso-appendix is given in a previous paper 
(5). Essential precautions were a minimal handling of the cecum while 
draping the meso-appendix over a glass horseshoe on the stage of the microscope 
and a rigid maintenance of the exposed tissue at body temperature and in 
constant moisture conditions by means of a drip of warm, Ringer’s solution 
containing one per cent ash-free gelatin. 

Two vascular criteria were routinely used during the assay technique. One 
was a change in the responsiveness of the arterioles and precapillaries to the 
topical application of epinephrine. The other was a disturbance in the inter- 
mittent contraction-relaxation activity (vasomotion) of the metarterioles and 
precapillaries the cycle of which normally varies between 1 to 3 minutes. The 
basic r61e of these two mechanisms in maintaining the capillary circulation is 
indicated by the fact that disturbances in them are immediately reflected by 
changes in blood-flow through the capillary bed. 

The accuracy of the observational method depends upon rigid adherence to 
a procedure for maintaining the exteriorized tissue in a physiologic state of 
reactivity. Under such conditions the normal reaction of the vessels to epine- 
phrine remains at a constant level for at least 2 to 3 hours. Emphasis must 
be placed on the selection of vessels best suited for the test. The terminal 
arterioles or metarterioles and the sphincteric, precapillary branches have been 
found to be the most highly reactive components of the bed. The preciseness 
of response of these vessels to epinephrine serves as a specific end-point which 
can be quantitated for the comparative analysis of different blood samples. 
Neighboring vessels in the same capillary bed have their o^\^l basic threshold 
levels of reactivity. A necessary precaution, therefore, is to make all the 
observations for a given test only on those vessels whose normal reactivity has 
been previously determined. The minimal threshold of reactivity of the se- 
lected vessels is determined by making successive topical applications of in- 
creasing concentrations of epinephrine until a concentration is reached which 
induces only a narrowing for several minutes just sufficient to occasion a slowing 
but not an interruption of the flow of blood through the network of capillaries 
fed by the affected vessel. 

For each test the epinephrine is freshly prepared from a 1/100,000 stock 
solution. The dilutions are made with gelatin-Ringer in a 1 cc. tuberculin 
syringe. The vascular reaction is observed by temporarily turning off the 
drip of the gelatin-Ringer wliich bathes the mesentery, and applying 3 to 4 
drops of the epinephrine solution to the surface of the mesentery. 

In the normal rat, under pentobarbital anesthesia, the threshold concentra- 
tion of epinephrine was found, in different individuals, to vary between one 
part in one million to one part in six million. Animals were discarded when 
the response to epinephrine was so poor as to require concentrations greater 
than 1 part in one million to produce vasoconstriction. 

Normally, the vessels continue for several hours to show a uniform response 
to the initially determined minimal effective concentration of epinephrine. 
When, following the intravenous administration of a test sample, any per- 
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sistent fluctuation was found to occur above or below this initial reactivity, 
the intensity and duration of the effect served as a means for quantitatmg the 
^ humoral vasotropic activity of the sample. These vascular effects in the test 
%nimal were temporary, a feature which distinguished them from non-specific 
toxic effects. By using a statistically significant number of test animals, it 
was possible to quantitate the effect of the humoral principle present. 

Collection and preparation of blood samples for testing. Blood samples were 
collected in 1 to 5 cc. amounts. During the early phases of the work the blood 
was allowed to clot and the serum kept in a refrigerator for 24 hours to allow 
for the disappearance of vaso-tonic effects which sometimes occur with freshly 
prepared, normal serum. Later it was found that heparinized plasma was 
equally satisfactory and could be tested immediately. 

Classification of the blood samples. Prior to the injection of the test samples 
one or several arteriolar precapillary units in the meso-appendix were selected 
for observation. The amplitude and rate of their vasomotion was noted and 
the minimal effective concentration of epinephrine determined. 

The serum or plasma (0.5 cc.) was then injected into the tail vein. Noraal 
samples produced no changes in the vascular criteria being studied. With 
active samples, the vascular effects generally appeared within two to three 
minutes and persisted for as long as twenty to forty minutes. Some of the 
samples produced changes in blood-pressure corresponding with the vaso- 
excitor or depressor effects observed in the capUlary bed. However, m most 
cases, the blood-pressure changes were not sufficiently constant to serve as a 
routine index of vasotropic activity. 

Three categories of activity were recorded: • • « xi, 

1. Neutral. These produce no demonstrable change in the reactivity of the 
capillary vessels. The amplitude and rate of vasomotion and the concentration 
of epinephrine needed to produce a minimal effective constrictor response 

remain the same as prior to the injection. 

2 Vaso^eUar. These enhance the reactivity of the muscular components 
of the eapfllary bed. The specific reactions in the meso-appendix are as follows: 
(a) Augmentation in amplitude and rate of the vasomotion, es^cially of t e 
precapillaries, with an ensuing restriction of circulation in the bed and a y- 
passing of many, of the capillaries; (b) heightening of the epinephnne respo^, 
the vessels reacting to dilutions as high as 1 part in 30 to 40 million (a 10 to 
20-fold change from the normal value). 

3 Vasodepressor. These lower the epinephrine reactivity, depress vaso- 
motion and in some instances lower blood pressure. The following chants 
are observed in the meso-appendix. (a) There occurs a dimimshed reactivity 
to epinephrine of the arterioles and precapillaries so that the minimal effective 
concentrations characteristic for the control period now produce no evident 
vasoconstriction or slowing of the capMary circulation. Serum samples, havmg 
marked vasodepressor properties, frequently abolish aU respon^ to normal 
threshold concentrations of epinephrine, (b) There occurs a diminution in 
frequency of vasomotion of the metarterioles and precapillanes. In many 
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cases the vasomotion remains suppressed for as long as 30 to 40 minutes where- 
upon the flow through the capillary bed becomes pronouncedly slowed, es- 
pecially in the muscular venules, (c) In some instances there was a fall in 
blood pressure to 10 to 20 mm. below normal levels. 

Experimental data. Blood of rabbits in tourniqmt shock. Over 100 rabbits, 
anesthetized with intravenously administered sodium pentobarbital (20 
mgm./kgm. body weight), were subjected to a tourniquet of one hind-limb for 5 
to 6 hours, both arterial and venous flow being completely occluded. The li- 
gation was done as high as possible, care being taken not to thrombose the femoral 
vessels. The animals generally recovered from the anesthetic and were alert 
for about 2 hours before the tourniquet had been released, When the tourniquet 
was removed shock developed only in those animals in which the limb warmed 
up readily and underwent a progressive swelling. 

Blood samples w^ere taken from the femoral vein of the undamaged limb or by 
cardiac puncture. A control sample was taken before applying the tourniquet; 
a second, prior to its release; and subsequent samples during the development of 
shock after release of the tourniquet. In 77 animals, shock-blood for assay was 
taken only terminally. In 23 animals the samples w^ere taken periodically 
during the course of the shock. The rat-test data on these samples arfe given in 
table 1. One case is included in which the tourniquet occlusion was not com- 
plete, so that a certain amount of swelling of the leg occurred while the tourni- 
quet was still on. 

In table 1, the first four rabbits listed did not go into circulatory collapse, 
although the injured limbs underwent considerable swelling. They w^ere sacri- 
ficed 8 to 10 hours later. The remaining nineteen rabbits developed shock 
symptoms and died from 1.5 to 5 hours after the release of the tourniquets. In 
th^se rabbits the swelling of the limb w^as accompanied by the development of a 
rapid, thready pulse and an irregular, shallow abdominal respiration. As the 
shock deepened, the rabbits no longer responded to painful cutaneous stimuli, 
showed a poor corneal reflex and progressively went into a comatose state from 
which they did not recover. 

Blood samples taken before the application of the tourniquet gave a neutral 
test reaction. Blood samples taken while the tourniquet was in place gave 
neutral responses with one exception, no. 5, in which a vasoexcitor response was 
obtained. Apparently this was a result of the poorly-tied tourniquet which 
permitted swelling of the limb during the period of occlusion. In all cases 
the blood samples were found to be vasoexcitor during the period of swelling 
of the hind limb. 

The blood samples of the four rabbits which survived did not give vasode- 
pressor test reactions: The persistence of a vasoexcitor reaction of the blood 
sample invariably indicated eventual survival. 

In the majority of the fatal cases, the blood samples w^ere vasoexcitor during 
the first hour and subsequently became vasodepressor at 1.5 to 3 hours after 
tourniquet release. Three of the rabbits (nos. 21, 22 and 23) showed a vaso- 
depressor reaction as early as 30 to 60 minutes after release of the tourniquet. 
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The following are representative rat-test protocols of two blood samples: 
one taken during the period of impending shock and the second after profound 
shock had developed. 

Thirty minutes after tourniquet release (femoral vein blood, rabbit 10). Meso- 
appendix of rat (150 grams) exposed and metarteriole with precapillary selected. 
The epinephrine reactions are indicated in figure 1. The minimal effective 
concentration of epinephrine during control period was 1:2 million. The in- 
jection of serum sample into the tail vein was followed by a transient speeding 
of capillary flow. At three minutes, the response to the applied epinephrine 

TABLE 1 


Rat meao-appendix assay of serum of rabbit in tourniquet shock 


KABBIT NO. 

PRIOR TO 
AND DURING 
TOURNIQUET 

TI1£E IN HOURS AFTER RELEASE OF TOURNIQUET 

FATE 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

4.0 

1 

N 

,E 



E 


E 


Survived 

2 

N 






E 


Survived 

3,4 

N 


E 





N 

Survived 

5 

N E 


e 


D 


D 


Died in sixth hour 

6 

N 


E 




D 


Died in sixth hour 

7 

N 




D 

D 



Died in fourth hour 

8, 9 

N 






D 


Died in fifth hour 

10 

N 

E 




D 



Died in sixth hour 

11 

N 


E 



D 



Died in sixth hour 

12, 13 

N 





D 



Died in sixth hour 

14, 15 

N 





D 



Died in third hour 

16 

N 


E 


D 




Died in fourth hour 

17 

N 



D 


D 



Died in sixth hour 

18 

N 


E 



D 



Died in fifth hour 

19 

N 

E 

E 

D 





Died in fifth hour 

20 

N 




D 




Died in sixth hour 

21 

N 


D 



D 



Died in third hour 

22 

N 

D 


D 





Died in second hour 

23 

N 

D 







Died in second hour 


Legends: N *= neutral, E = vasoexcitor, e *» mild vasoexcitor, D » vasodepressor 


increased and reached a peak at 15 minutes when the mimimum, effective con- 
centration was found to be 1:8 million (a four-fold increase over the control). 
During this period the constrictor phase of the vasomotion of the precapillary 
sphincters became augmented until, at 15 minutes, there occi^rred a considerable 
reduction of capillary flow. At 35 minutes the epinephrine reactivity had re- 
turned to normal. The sample was classified as a 35 minute vasoexcitor. 

Two and a half hours after tourniquet release (heart blood, rabbit 10). The 
epinephrine reactions are indicated in figure 2. The vessels in the meso-appendix 
of a 165 gram rat responded to a minimal effeetive concentration of epinephrine 
of 1:1.5 million. Two minutes after injection of the blood sample, the re- 
sponse to epinephrine had become less marked, and, at 6 minutes, the application 
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of 1:1.5 million of epinephrine produced no response. Vasomotion became 
less evident and was completely suppressed at 10 to 18 minutes, at which time 
the circulation in the capillary bed was appreciably slowed. The blood pressure 
fell from^l05 to 90 mm. Hg within 3 minutes after the injection of the shock 


MESOAPPENDIX TEST OF VASO-EXCITOR BLOOD SAMPLE 



^ Fig. 1. Mcsoappendix test of vaso-excitor blood sample taken at 30 minutes from 
rabbit 10 during the early compensatory period of shock following tourniquet occlusion 
of one hind limb. 


MESOAPPENDIX TEST OF VASO-DEPRESSOR BLOOD SAMPLE 



Fig. 2. Mesoappendix test of vaso -depressor blood sample taken at 2^ hours from 
rabbit 10 during the decompensatory period of shock following tourniquet occlusion of 
one hind limb. 

blood. At 30 minutes the reactions had returned to normal. This sample was 
classified as a 30 minute vasodepressor. 

Blood of dogs in tourniquet shock. Twenty dogs were used, fifteen under 
pentobarbital anesthesia and five under morphine sulfate. Blood samples for 
testing were taken from the jugular vein. 
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Rubber tourniquets were placed on the thigh as far up as possible so as to 
occlude both arterial and venous flow, care being taken not to damage the 
femoral vessels. Of dogs under pentobarbital anesthesia, it was necessary to 
occlude both hind limbs in order to produce fatal results. When morphine was 
used the animals were temporarily placed under ether anesthesia before applying 
the tourniquets. In these cases occlusion of only one hind leg was sufficient. 
With the use of morphine sulfate alone Fine and coworkers (11) found that 
occlusion of two hind legs for at least 12 hours was necessary. This difference 
from our findings is probably due to the predisposing effect of ether, the dele- 
terious action of which in hemorrhage shock we have previously described (12). 

Morphine sulfate. The morphine (2 mgm./kgm.) was injected intravenously 
and, thirty minutes later, ether was administered just sufficient to permit 
application of a tourniquet to one hind leg. At the end of 8 hours the tourniquet 
was removed. In all five dogs the injured limbs swelled pronouncedly and the 
dogs went into fatal shock. 

Blood samples were obtained prior to and at intervals after release of the 
tourniquet. Those obtained prior to release gave neutral test reactions. During 
the period of swelling of the limb the blood samples were vasoexcitor. The 
swelling reached a maximum within an hour and samples taken 2 hours or more 
after release of the tourniquet, were found, in the case of four of the dogs, to be 
vasodepressor; in the case of the fifth, the successive samples changed from a 
vasoexcitor to a neutral test reaction prior to death. 

Pentobarbital. Sodium pentobarbital (30 mgm/kgm.) was injected intra- 
venously and tourniquets applied to both hind limbs for periods of from 6 to 12 
hours. The majority of the dogs were alert 2 to 3 hours after applying the 
tourniquets and gave no evidence of pain. In a few cases it was necessary to 
give an, additional intramuscular injection of pentobarbital (1-15 mgm./kgm.). 
After removal of the tourniquet 13 of the 15 dogs went into fatal shock and 
collapsed 3 to 7 hours later. The maximal swelling of the limbs occurred during 
the first 2 hours. During this period blood samples were vasoexcitor. After 
the maximal swelling had been reached, the reaction of the subsequent blood 
samples became neutral and then became increasingly vasodepressor as the shock 
deepened. The two dogs which did not go into shock exhibited no swelling of 
the limb, presumably because of thrombosis of the femoral vessels. The blood 
of these dogs remained neutral during the five hour period in which they were 
observed. 

Shock induced in dogs by leg pounding. Blood samples were obtained by 
Doctor Gregersen and Doctor Root from nine dogs subjected to traumatic shock 
by leg pounding.^ Heparinized blood was taken from the femoral artery before 

^The technique, described by Doctor Root, is as follows: Under surgical ether an- 
esthesia, the thigh muscles of both hind legs of the dog were bruised by blows with a light 
raw -hide mallet delivered 700 to 1000 times (for a 1 5 - k g m,, animal) over a 15 to 20 minute 
period. The skin was not perforated, no large vessels were ruptured and no bones were 
broken. Marked swelling of the traumatized tissues rapidly ensued and a majority of the 
dogs died in shock between 3 to 9.5 hours after the termination of the trauma. 
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and at varying intervals after traumatizing the limbs. The samples were 
chilled and transferred within 24 to 48 hours to our laboratory for testing. The 
results as compared with the blood pressures and overall diagnoses made by 
Doctor Gregersen and Doctor Root are summarized in table 2. Their diagnosis 
of the state of shock was based (13) on changes in blood pressure, respiration, 
heart rate, body temperature, appearance of mucous membrane and signs of 
central nervous depression. 


TABLE 2 


DOG NO. 

NO. 

BLOOD SAMPLES TIME 
TAKEN* 

BLOOD 

PRESSURE* 

STATE OF SHOCK* 

RAT MESOAPPENDIX 
ASSAY 

FATE 

OF DOG 




mm. Hg 




I 

1 

Before trauma 

108 

— 

Neutral 



2 

48' after trauma 

75 

Moderate hypotension 

Vasoexcitor 



3 

1^33' after trauma 

57 

Mild shock 

Mild vasodepressor 



4 

1^42' after trauma 

55 

Mild shock 

Mild vasodepressor 



5 

2**4' after trauma 

50 

Deep shock 

Va.sodepros 80 r 



6 

2^24' after trauma 

60 

Deep shock 

Vasodepressor 



7 

4*^9' after trauma 

25 

Profound 

Marked vasodepressor 

Died at 4} hrs. 

II 

1 

Before trauma 

113 

_ 

Neutral 



2 

4^16' after trauma 

38 

Deep shock 

Marked vasodepressor 

Died 

III 

1 

Before trauma 

108 

_ 

Neutral 



2 

4^30' after trauma 

44 

Deep shock 

Vaijodepressor 

Died 

IV 

1 

Before trauma 

119 

__ 

Neutral 



2 

6*'25' after trauma 

40 

In shock 

Vasodepressor 

Died 

V 

1 

Before trauma 

122 



Neutial 



2 

5^ after trauma 







(2^30' ^ter transfer) 

82 

In deep shock 

Vasodepressor 

Died 

VI 

1 

Before trauma 

104 

_ 

Neutral 



2 

5*’30' after trauma 







(2 hrs. after transfer) 

84 

Mild depression 

Mild vasodepressor 

Survived 

VII 

1 

Before trauma 

100 

_ 

Neutral 



2 

6*‘20' after trauma 

70 

Moderate shock 

Mild vasodepressor 

Survived 

VIII 

1 

Before trauma 

97 

_ 

Neutral 



2 

6^ after trauma 







(3 hrs. after transfer) 

118 

Slight shock 

Mild vasodepressor 

Survived 

IX 

1 

Before trauma 

114 

_ 

Neutral 



2 

2^ after trauma 

120 

Early shock 

Vasodepressor 



3 

6^ after trauma 

130 

Moderate shock 

Vasodepreijsor 

Survived 


* These columns present data obtained by Gregersen and Root. 


Twenty-four samples in all were tested. Nine samples gave neutral reactions. 
These were taken from the dogs prior to being subjected to trauma. One of the 
samples was vasoexcitor. This was from dog I taken at 48 minutes after trauma. 
Five of the samples were mildly depressor. Of these, three were taken at 5 to 6 
hours after trauma from dogs VI, VII, VIII, whichsurvived; while two were taken at 
If and If hours from dog I which ultimately died but which, at the time the 
samples were taken, was still alert with a blood pressure of 85 to 80 mm. Hg. 


248 


ROBERT CHAMBERS AND B. W. ZWEIFACH 


The remaining nine of the samples were definitely vasodepressor. These were 
taken at 2 to 5 hours after the trauma of dogs I, II, III, IV, V and IX, all of 
which with the exception of no. IX, died. 

Thus, in the dogs with the exception of no. IX, the vasotropic properties of the 
blood samples proved to indicate closely the state of shock of the dog at the 
the time when the sample wa§ taken.® 

Bhod of rats traumatized in the Nohk-Collip drum. With this method no 
anesthesia was us^d. The rats, with their front and hind feet tied together 
were exposed to repeated falls within a drum 2 feet in diameter, rotated at 45 
turns per minute. Rats, subjected to 600 to 800 revolutions, died at varying 
intervals up to 20 hours after removal from the drum. For 650 revolutions the 
average mortality was 2 to 4 hours. Animals were excluded from consideration 
which suffered obvious intracranial or gastro-intestinal hemorrhage and died 
within 30 minutes after removal from, the drum. 

A description of the method, and the circulatory changes during the shock 
syndrome has been published (11). In general, the symptoms obtained were 
lowered blood pressure, increased hemoconcentration and reduced blood volume. 


TABLE 3 


NO. OF RATS 

TURNS OF DRUM 

TIME AT WHICH BLOOD 
SAMPLES WERE TAKEN 
AFTER REMOVAL 

REACTION WITH M£SO> 
APPENDIX TEST 

FATE 

8 

600-800 

46-70 min. 

vasodepressor 

died 

1 

400 

50 min. 

mild vasodepressor 

survived 

2 

360-400 

45-60 min. 

neutral 

survived 

1 

300 

90 min. 

vasoexcitor 

survived 


The rats showed intew pallor, irregular respiration and poor response to painful 
stimuli. ; 

Blood samples for assaying were taken from 12 rats by intracardial puncture 
at intervals varyil^ from 40 to 90 minutes after the rats had been removed from 
the drum, as '^own in table 3. 

AJl the rats exposed to fatal trauma in the drum developed vasodepressor 
material in their bipod. It was observed that with this type of shock the vaso- 
depressor blood samples also produced an abnormal sticking of leucocytes in 
the capillaries and venules in the meso-appendix of the test rat. 

Blood from dogs and rats subjected to hemorrhage. Two types of hemorrhage 
were studied: acute, in which an excess of blood was withdrawn within 1 to IJ 
hours; and graded, in which the blood loss was spread out over an extended 
period of time. Animals, subjected to acute hemorrhage, responded favorably 
to fluid replacement up to 5 to 10 minutes of expected collapse. An i m als, 

* These experiments were carried out soon after we had worked out the details of the rat 
meso-appencflx technique in 1948, and had as their main purpose to check the reliability 
of this method of assay. The samples were delivered to us labelled by code numbers. 
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subjected to graded hemorrhage, became increasingly refractory to recovery 
by blood replacement therapy. 

Acute hemorrhage. Over 75 rats and 25 dogs were used. Blood samples were 
withdrawn within 5 to 10 minutes after the onset of bleeding and, thereafter,, 
at intervals throughout the syndrome up to shortly before death. 

Unanesthetized rats were bled, some by heart puncture and others by immers- 
ing the cut stump of the tail in warm isotonic sodium oxalate in a graduated 
cylinder, for measuring the amount of blood loss. The dogs were anesthe- 
tized with intravenous injections of morphine (2 to 12 mgm./kgm.) or pento- 
barbital (30 mgm./kgm.). 

The blood samples taken throughout the syndrome in both rats and dogs were 
uniformly vasoexcitor. In some instances the samples produced a transient 
rise in the blood pressure of from 10 to 15 mm. Hg above the normal. 

Graded hemorrhage. In the course of the two years of our study on irreversible 
shock about 100 dogs were used and more than 450 blood samples were tested. 
The dogs were routinely anesthetized with pentobarbital or with morphine. 
The type of graded hemorrhage was one in which the dogs finally become 
irreversible to restoration of the blood previously Avithdrawn (4). Dogs under 
pentobarbital anesthesia were found to be more susceptible to bleeding and to 
the adverse effects of the prolonged hypotension than were dogs under morphine. 

Blood samples, taken within 1 to 3 hours after the initiation oi the bleedings, 
were markedly vasoexcitor. During the first hour the samples consistently pro- 
duced an increase in epinephrine reactivity, accentuated vasomotion, and raised 
blood pressure of the test rat by 7 to 15 mm. Hg. With samples taken after the 
first hour of shock, the three reactions were lost successively in the following 
order: first, the blood pressure effect; second, enhancement of vasomotion and, 
lastly, at about the third to fourth hour, the epinephrine excitor response. 

Samples taken after the onset of profound hypotension, especially during the 
so-called irreversible stage, were consistently vasodepressor. The greatest 
vasodepressor effects were obtained with samples taken during the last hour 
before death. 

Discussion. The results presented in this paper on the detection of vaso- 
tropic principles in the blood of animals subjected to shock are all based on the 
reactivity imposed on the terminal blood vessels in the meso-appendix of normal 
rats by the injection of blood samples. Changes in intensity and duration of 
the reaction of the blood vessels to the topical application of epinephrine served 
as an index for a semi-quantitative assay of the humoral substances. 

Two major features present themselves during the development of the state of 
shock. One is the appearance of a vasoexcitor material (VEM) at the time when 
fluid is being lost from the circulation. The other is the gradual displacement of 
the VEM by an antagnostic vasodepressor material, the VDM. 

In hemorrhagic shock, the VEM appears early in the blood after the loss of as 
little as 1 per cent of the body weight, an amount usually required to initiate 
slowing of the splanchmic flow as evidenced in the mesentery or the omentum. 
This material continues to be elaborated during acute hemorrhage almost to the 
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point of complete exsanguination^ i.e., within 1-2 hours in dogs. The non- 
deleterious character of the VEM is indicated by the fact that replacement of the 
blood lost results in disappearance of the material and is followed by complete 
recovery of the animal. The vascular reactions are of a coippensatory nature. 

The elaboration of a vasodepressor principle (VDM) occurs only after a pro- 
longed period of severely reduced peripheral circulation and consequent anoxia. 
Such a reaction occurs when the fluid loss (whole blood in hemorrhage and in 
leg pounding, plasma in tourniquet shock) is insufficient per se to precipitate 
circulatory collapse. Under this condition the animal continues to live for a 
protracted period with its tissues in a state of increasingly severe anoxia. 

The significance of the vasodepressor aspect of the syndrome has been dis- 
cussed in previous publications in which it was shown that the preponderancy 
of the VDM is associated with the onset of irreversibility to fluid replacement 
therapy (8, 9, 10). 

In the experiments cited in this paper the appearance of marked vasode- 
pressor material in the blood is almost invariably a prognostic indication of fatal 
circulatory collapse. This was demonstrated in different types of experimentally 
induced shock, viz,, graded hemorrhagic, tourniquet and leg-pounding shock, 
and shock induced by the Noble-Collip drum. In addition, the development of 
the depressor material evidently is not limited to any one species of animal, 
since we have detected it in the blood of rats, rabbits and dogs. This gives to 
these principles a fundamental significance to the shock problem as a whole. 

Concerning the reliability of the rat meso-appendix test for detecting the 
vasoexcitor and vasodepressor substances, it is significant that the reactions 
observed in the test animal are identical with those observed in the shocked 
animal at the time that the blood sample is withdrawn. Early in the develop- 
ment of the technique reliance was placed on a variety of overall changes in the 
capillary bed, such as changes in vasomotion, in number of capillaries containing 
an active blood flow, in the rate of the blood flow especially in the venules, etc. 
Later it was found that the reaction to an arbitrarily applied substance such as 
epinephrine could be used as a quantitative index of the vasotropic activity of 
the sample being tested. When the vasoexcitor principle predominates the 
vascular musculature becomes hyper-reactive; when the vasodepressor principle 
predominates the musculature becomes refractory and hypo-reactive to epi- 
nephrine. The epinephrine reaction has been extremely useful for assay pur- 
poses. The question remains open as to whether it is the specific reaction which 
is affected during shock in the intact animal. 

The consistency in the appearance of the VDM with the development of 
irreversibility and fatal shock has been stressed in our previous publications 
and points to something more than a chance relationship between the humoral 
factor and the circulatory changes leading to fatal collapse. Evidence for a 
causal relation was found in experiments in which dogs, during the depressor 
phase of the shock syndrome, were infused withTtarge amounts of blood (3-4 per 
cent body weight). The infusion induced a transitory elevation of the blood 
pressure to normal levels and a speeding of the peripheral blood flow in the 
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omentum. The subsequent fall of blood pressure was always preceded by a 
deterioration of the capillary circulation in the omentum. The fact that the 
slowing of the capillary flow occurs well in advance of any fall in blood pressure 
indicates that the arteriolar effects may very well be the cause of the blood 
pressure fall rather than a result. 

The elaboration of vasodepressor material is probably not the only factor 
concerned with the collapse of the shocked animal. Other factors, neurogenic, 
etc., have been shown (14, 15) to participate in various types of shock. How- 
ever, the vasodepressor factor is the only one which thus far has been directly 
related to the observed vascular phenomena characteristic of fatal shock. 

During the transition from the initial vasoexcitor to the vasodepressor phase, 
it is of interest that the blood samples show neutral properties in the rat meso- 
appendix test. This indicates either that there is a disappearance of the vaso- 
excitor prior to the development of vasodepressor material, or that the progressive 
accumulation of vasodepressor material counterbalances and, later, overwhelms 
the vasoexcitor material already present. Evidence for the latter assumption 
has been found in experiments, shortly to be published, in which the chemical 
fractionation of neutral blood samples, taken during the transitional period, 
shows that both vasoexcitor and vasodepressor principles are present, but in 
counterbalancing amounts. 


SUMMARY 

A variety of animals subjected to acute and graded hemorrhage, hind-limb 
tourniquet, trauma in the Noble-Collip drum and leg-pounding, develop blood- 
borne, vasotropic substances. The substances were detected by injecting 
samples of blood (serum or heparinized plasma) into the tail-vein of normal rats 
and observing the effect on the intensity and duration of the reactivity of the 
terminal vessels in the exposed meso-appendix to the topical application of 
epinephrine. A vasoexcitor material (VEM) appears early after blood-loss. 
This is replaced by progressive, increasingly effective vasodepressor material 
(VDM) during the development of irreversibility of the shock syndrome. The 
appearance of a marked VDM effect was found to be correlated with the fatal 
outcome of the shock syndrome. 
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There are many reports of studies designed to investigate methods of alle- 
viating the effects of prolonged or intense muscular activity but relatively 
few have appeared on the fatigue due to deprivation of sleep. Unlike intense 
muscular activity, prolonged wakefulness results principally in psychological 
disturbances and, with the exception of changes occurring in the electrical 
activity of the brain (1), there is little indication that insomnia, even up to 200 
hours* duration, produces any significant physiological or biochemical alterations 
(2, 3, 4, 5). Certain psychomotor changes occur that are characterized chiefly 
by a somewhat slower reaction time and a decrease in ability to maintain sus- 
tained effort and performance. In general, the lack of definitive changes in 
visceral activities make it appear that deprivation of sleep results in a ^‘fatigue** 
that is confined to the higher centers of the central nervous system. 

It was of interest, therefore, to study the effects of some central nervous 
system stimulants and depressants on the fatigue produced during experimental 
insomnia. These interests were enhanced by problems arising out of the exigen- 
cies of the war. For instance, certain barbiturates were components of motion 
sickness remedies being considered for general use in the armed forces. Hence, 
it was desirable to obtain information on the effects of these drugs when given 
to men under such conditions of stress. 

Methods. The subjects were volunteers from Army, Marine Corps or 
Civilian Public Service Camps, and they ranged from 17 to 35 years in age. 
Prior to each experiment, the men accepted were apprised of the nature and pur- 
pose of the study (except those details which might influence the results, such as 
the type of medication, etc. , to be employed) . They were assured that they were 
free to drop out from the experiment at any time they wished, and it was made 
clear that should they do so it would not result in any reflection on their military 
record. During the experiment, when a man expressed a desire to quit no 
effort was made to induce him to continue. About 20 per cent of those who 
started failed to complete the test or were dropped for other reasons given below. 

Twenty experiments were carried out between 1942 and 1945; three were of 
24 hours* duration in which 63 men finished, five were 48 hours long in which 81 
finished, four were 60 to 72 hour tests with 169 men finishing, and eight studies 
were of 112 hours* duration in which 275 of 350 volunteers finished. 

^ Work done under contract sponsored by the C.M.R. between O.S.R.D. and California 
Institute of Technology. 

* Present address: Army Chemical Center, Medical Division, Edgewood, Maryland. 
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The program of activity, particularly in the 112 hour experiments, was. of 
necessity, heavy since some form of continuous physical activity was required 
to keep the men awake after the 2nd day. The “basic” activity of all the 
experiments was the routine training program peculiar to parachutists and other 
similarly specialized troops. In addition to this work pro^am, constant physi- 
cal activity was kept up by means of sports (basketball, baseball, swimmi g), 
walking, and special forms of military and tactical problems. In a few ex- 
periments an additional heavy work program was earned out by having the men 
make two night marches during the first two evenings, totalling from 35 to 65 
miles, depending upon the condition and nature of the groups. 

Short, carefully supervised rest periods, in addition to the rest at meal times, 
were allowed at regular intervals. At such times, the men were pemi e o 
sit but not to Ue down or close their eyes since, after the second day, a few 
seconds in a prone position resulted in their quickly falling into a deep sleep. 

The daily program for the shorter experiments was essentially the same. 

Except in a feW experiments reported elsewhere (4), the men subsisted on the 
regular camp mess, plus an additional meal at midnight, the caloric intake being 

estimated at about 6,000 calories per day. , u + 

In every experiment one sub-group received only placebos throughout and 
served as the control. Also, any time medication was given to one group all 
the others received a placebo of identical size and color. ifo+oN 

In the 24 to 48 hour experiments, amphetamine sulfate (benzedrine sulfate) 
wi “single dose ot 10 either .1 the 12th, 18th, 24th 0 , 36th hovj,^ 

IB the 72 hour tests, 10 mgm. bensedrine weie '‘S'.'.o 

36th or 48th hour and the dosage repeated every 8 to 12 hours. In the 
experiments, 5 to 10 mgm. of benzedrine sulfate were administered beginni g 
the 48th hour and the dose repeated every 8 to 12 hours, the final dosage being 
given at 6:00 p.m. of the last day. These time intervals were selected for the 
Llministration of benzedrine sulfate since it was considered the most practical 
and easily adaptable procedure for giving the drug in the field and under combat 

”So°Merent borbiturale. were studi.d during *1“ 

sodium-iso-amylethyl-barbituric acid (amytal) and ethyl-d-methyl-allyl thio- 

barbituric acid (“V-12”). These were administered every 12 hours dunng the 

given at 6:00 p.m. of the second day. The total amount administered was either 

4 exabis for amytal or 10 grains for V-12. 

Most of the testing procedures used are well-known and need little description. 
These Muded reaction time, both simple and multiple choice, test for static 
ataxia, steadiness tests (including steering), tests for &cker 
for auditory acuity, vibration sense (tuning fork sensitivity (6) ), dark adap- 
tatioTSn tests for vergence, fusion, latoal balance and depth perception 
target’ identiheation, tapping tests, tests for abUity^to ^^Xite 

sh(^ periods of time (90 sec.), test for marksmanship, cancefetion 
span imd digits reversed, group Rorschach examination, as weU as routme physi- 
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cal examinations (at least once daily), which included pulse, blood pressure, 
temperature and neurological examinations. 

The testing period started at sundown each day (usually 1 to 2 hrs. after the 
last medication) and lasted from 3 to 4 hours. A representative battery of the 
above enumerated tests were employed, large enough in number (generally 12 to 
15) to ensure icontinuous activity of all the men during the testing period. As 
a rule, control values of the tests used were obtained over a 3 day period prior 
to. the experiment. This was not always practicable, particularly when there 
were large numbers of subjects involved in an experiment. In such instances, 
only one day was allotted for the accumulation of these control values. 

Results. Placebo controls.^ Since few of the tests showed significant 
changes from the control values, it is considered unnecessary to reproduce in 
full the findings on all the tests employed. Typical samples of the results of 
some of the procedures used are given in table 1. Nor will it be necessary to 
consider separately the 112 hour experiments in which varying dosages of 
benzedrine sulfate were used or extra heavy work carried out, for under the con- 
ditions of these studies, no discernible differences were found in the results of 
those individual experiments. 

In general, where a psychomotor test was of relatively short duration and did 
not require a prolonged period of attention from the subject, no significant 
changes in performance occurred, even after 110 hours of wakefulness. If a pro- 
cedure was prolonged by requiring a greater number of trials, or made unusually 
boresome (for example, 100 reaction time trials instead of 25), differences in per- 
formance became noticeable beginning about the 60th hour of sleeplessness 
(table lA and B). Similarly, marksmanship based on the scores obtained with 
10 to 15 rounds of ammunition was little affected by loss of sleep. When the 
Marine standard marksmanship test of 68 rounds was used, a deleterious effect 
was noticeable after 2 nights of sleeplessness (table 1C). 

Many pi^cedures suggested as indicators of fatigue of the central nervous sys- 
tem, when used under the conditions of these experiments, showed no changes 
even after 110 hours of insomnia. Flicker fusion frequency tests (7) and tuning 
fork vibration sensitivity tests (6) exhibited no significant differences from the 
control values (tables ID and IE). Static ataxia increased somewhat as sleep- 
lessness progressed, but not significantly so (table IF). No alterations from 
the normal were found in tests for auditory acuity (8), estimation of passage of 
time (90 sec.), digits span and digits reversed, and Rorschach during 112 hours 
of sleeplessness. In some tests, learning continued during the expeiimental 
period and by comparing the values found during this period with those found 
prior to the experiment and after the first night of sleep there was a slight indi- 
cation that this process was interfered with. However, the differences, again, 
were not statistically reliable. 

* Benzedrine sulfate and placebos were supplied by the Smith, Klein and French Labora- 
tories, amytal and placebos by Eli Lilly and Company and V-12 and placebos by the Abbott 
Laboratories. We wish to express our appreciation of the generous aid given by these 
firms. 
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TABLE 1 





DAYS OF INSOMNIA 



GROUP j 

NUMBER 

CONTROL 





OF MEN 

> 1 M ^ 

4 

5 


A. Multiple choice reaction time (25 trials) duration of test 2 minutes 


Placebo 

Benzedrine 

V42 

Control (normal) 

114 

66 

47 

1 8 

0.69 

0.70 

0.68 

0.68 

0.66 

0.67 

0.65 

0.66 

0.66 

0.62 

0.6S 

0.64 

0.63 

0.62 

0.61 

0.62 

0.61 

0.64 

0.62 

0.60 

0.62 

0.65 

0.62 

0.59 

0.59 

0.59 

1 0.55 
0.60 

B Multiple choice reaction time (100 trials) duration of test 10 minutes 

Placebo 

Benzedrine 

Amytal 

^Control (normal) 

22 

20 

6 

8 

0.70 

0.68 

0.68 

0.71 

0.66 

0.67 

0.69 

0.68 

1 0.68 

1 0.66 
0.71 

1 0.66 

0.69 

0.62^^'> 

0.68 

0.61 

0.67 

0.65 

0.67 

0.60 

0.70 

0.69 

0.69 

0.59 

0.62 

0.60 

0.59 

0.62 


C. Marksmanship (68 rounds possible score ~ 340) duration of test 2.5 hrs. 


Placebo 

Benzedrine 

V42 

23 

22 

22 

278 

279 

284 



262(-16) 

281 (+2)(2> 
273 (-11) 




D. Flicker fusion frequency 

Placebo 

Amvtal 

6 

6 

45 . 8 ^ 3 ) 

46.0(3) 

45.3 

45.5 

46.4 

46^4 

45.9 

45.3 

45.1 

45.4 

45.6 

1 45.6 

45.1 

46.0 

E. Vibration sense (in seconds) 

Placebo 

Benzedrine 

V-12 

22 

21 

22 

27.9 1 

30.0 
26.7 1 

28.3 

32.5 

28.5 

29.8 

31.8 
28.5 

29.5 

S2.1 

29.3 

28.2 
62. 4 
27.1 

30.6 

32.6 
30.2 

25.6 
25.4 

23.7 

F. Body sway, eyes closed (cm. in 30 sec.) 

Placebo 

Benzedrine 

V-12 

22 1 
21 

22 

8.0 
7.8 1 

8.7 ' 

9.3 

8.3 

10.S^^'> 

8.1 

10.1 

9.2 

7.9 ' 

11. 1(®^ 

8.2 

8.9 

9.7 

8.5 

8.6 
9.6 

7.6 

7.0 

8.0 

G. Ability to stay awake (see text) 

Placebo 

Benzedrine 

Barbiturates 

22 

21 

22 



9 

11 

11 

12 

’5 

10 

13 

8 

10 

5(7) 

(?( 7 ) 

e(7) 


! H. Frequency of men dropping out 

Placebo 

Benzedrine 

Barbiturate 


181 

113<*> 

57r*> 

17 

14 

1 

18 

11 

2 

6 

2 

1 

4 


136(?> 

86(8) 

53(8) 


Italicized figures indicate that the medication represented by the group was given t a 
4ay. On all other days placebos were given. By comparison of 

using individual differences (1) p does not quite reach the 5 ^r cent level (2) p - 0.01 3 
average of results for 3 consecutive days prior to the test (4) p - 0.05 (5) p “ 0 01 W 
p - 0 05 (7) incomplete data, only up to 9:30 p.n^(8) number of men starting (9)number 


wof men finishing. 
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No significant changes were found in the urinary excretion of 17-ketosteroids 
and creatinine, level of sugar and adrenaline-like substances in the blood, blood 
pressure, pulse, body weight and reflexes. The results of these latter studies 
are reported in detail elsewhere (4, 5). 

The degree of difficulty experienced by the men in staying awake at various 
times was determined both by questioning and by keeping records of the number 
of times a man had to be awakened during the course of a day, as well as by grad- 
ing his state of alertness or wakefulness during the testing periods (by his re- 
sponse to routine questions or commands). During the first night and second 
day no unusual trouble was encountered by any of the men. The first real 
difficulty was experienced on the second night. Thereafter the men found it 
harder to stay awake at night or in darkened rooms than during the day or in 
well-lit rooms. Despite the fact that most of the subjects maintained that they 
could “go on indefinitely” after the third night and felt they experienced much* 
less trouble in staying awake after that time, more objective assessment belied 
those claims. In table IG are presented data on the state of wakefulness based 
on the number of times a man had to be wakened during the regular evening 
rest periods. 

The effect of benzedrine. In experiments up to 48 hours’ duration, using modi- 
fied psychomotor tests, no significant differences were found between the placebo 
groups and the groups receiving 10 mgm. of benzedrine sulfate at either 12, 18 or 
24 hours. In the 72 to 112 hour experiments, where benzedrine sulfate was first 
administered after 36 to 48 hours of wakefulness and the dose repeated at inter- 
vals of 8 to 12 hours, the deterioration in performance occurring around the‘60th 
hour was prevented. Such groups exhibited better marksmanship than the 
placebo groups (table 1C). Also, somewhat better scores were found in reaction 
time (table IB), steadiness, cancellation tests and body sway (table IF). A 
marked effect of benzedrine sulfate administered under these latter conditions 
was the decreased difficulty in remaining awake. This action was most notice- 
able during the third night. Maintaining the same dosage throughout the fourth 
and fifth days did not have the same beneficial effect either on performance or 
ability to stay awake as it had had on the third night. 

The effect of barbiturates. Amytal and V-12 in the doses employed produced 
variable effects on performance during the first 48 hours of a 112 hour sleepless 
period. Body sway (table IF), cancellation and steadiness were somewhat 
poorer than the placebo controls while flicker fusion frequency (table ID) and 
reaction time (table IB) remained unaffected. No unusual difficulty was en- 
countered by these men in staying awake during the first night and second day, 
and the trouble experienced during the second night did not appear any greater 
than for the placebo controls. Upon stopping the administration of these drugs 
(on the morning of the third day), the performance of these groups was similar 
to that found for the placebo control groups. 

Other findings. The effect of benzedrine sulfate on mood and behavior has 
been subject to much study (9). Unfortunately, in these experiments, motiva- 
tion was a strong factor and the general euphoria present in all subjects, partic- 
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ularly after the 3rd day, probably contributed to masking the effect Oj the drugs 
on any changes in mood or attitude. In none of the experiments were the ob- 
servers or subjects told the nature of the medication being tested. On the basis 
of outward appearance or behavior of the subjects it was impossible to accurately 
judge what type of medication had been given them. The only exception to 
this was on the 3rd day and night, for then those men who were receiving ben- 
zedrine sulfate required less prodding than the other groups to prevent them from 
falling asleep. After the 3rd day, the subjects themselves were poor judges as to 
the type of pill they had received. 

Although in these experiments it was difficult to detect any perceptible differ- 
ences in mood or attitude as a result of any medication, the number of men drop- 
ping out of an experiment may be taken as an indication of the mental attitude. 
During the first 2 days of the 112 hour experiments both the “placebo^* and '‘ben- 
zedrine'’ groups were receiving dummy pills and only the “barbiturate" groups 
were getting active medication. During this period 20 per cent of the men re- 
ceiving placebos dropped out while only 5 per cent of the men getting barbiturates 
quit. During the 3rd and 4th days 6 per cent of the placebo group dropped out 
while less than 2 per cent of the benzedrine sulfate group (now actually receiving 
the drug) quit (table IH). 

The number of men volunteering for a disagreeable task may also be taken as 
another indication of mood or mental attitude. On the 3rd night of one experi- 
ment involving 35 subjects, half of whom had been given benzedrine sulfate, the 
men were asked individually, and out of hearing of any other person, if they 
would volunteer to break a torced march record which had been set a week pre- 
viously (35 miles with fujl pack in less than 10 hrs.) . They had already completed 
two night marches totalling 65 miles, and a third night march would have been 
out of the question as all had sore feet and blisters. Nine of the 17 men who 
had received benzedrine sulfate volunteered, while only 2 of the group receiving 
placebos offered to make the try. 

Alterations in personality and behavior as a result of experimental insomnia 
have been reported by others (2, 3). These psychological disturbances first 
became apparent on the second night and, in most of the subjects, were mild. 
They were characterized by increased irritability, particularly during inactivity, 
loss of memory, a tendency toward what may be termed hallucinations or illusions, 
inattention, apathy and irrelevant laughter and conversation. The extent of 
these disturbances was dependent somewhat upon the size of the experimental 
group, but more so on their activity. All these symptoms disappeared after 
sleep. One experiment in which an attempt was made to have the men carry 
on only sedentary occupations had to be discontinued on the third day due to 
the extreme irritability which developed in the men and a resultant lack of 
co-operation on their part. 

In a few cases the psychological changes which occurred were not so mild. 
These developed during the first 48 hoursLof sleeplessness and while they were 
still receiving placebos. The first such instance occurred just before dawn of 
the third day during a 112 hour experiment involving 35 men. This subject be- 
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came extremely aggressive, developed delusions of grandeur (imagined himself on 
secret npssions for the President, etc.), started unprovoked fights, became un- 
manageable, and had to be forcibly restrained. He was put to bed and slept 
through the entire day. On awakening, he had no recollection of the events of 
the previous night. An examination of his record disclosed no indication of any 
psychotic tendencies during his training period; he was well liked, and considered 
quiet and reserved by his friends. 

Six other such cases occurred during the course of these studies: two were 
characterized by extreme irritability and aggressiveness requiring restraint; 
four cases by persistent auditory and visual’ hallucinations of such a nature that 
it was deemed desirable to have the men drop out. As in the case described 
above, none of these six men had a previous history of psychotic tendencies and, 
following sleep, all symptoms and all recollection of the preceding events 
disappeared. 

Upon the conclusion of each experiment, the men were permitted to sleep as 
long as they desired. Following 112 hours of wakefulness, the length of such 
sleep varied frqpa 8 to 14 hours. Except for a slight sluggishness lasting about 
an hdur or two, they appeared, for the most part, completely refreshed. How- 
ever, in the early studies one condition that was found to interfere with this re- 
covery was the position of the men during sleqp following the experiment. Upon 
going to bed they would fall asleep instantly in the first position assumed and 
would rarely change it during the night. This resulted in some complaints of 
numbness and temporary lameness of the arms and legs the next day. To pre- 
vent this, in the later experiments, the men were ordered to lie flat on their backs 
with their arms along their sides or folded across their chests to avoid positions 
that might interfere with the circulation in their limbs. With these precautions, 
such complaints did not occur in subsequent experiments. Tests on the morning 
after such sleep show’ed no changes from the pre-experimental control values 
other than those due to learning. 

Discussion. In order to keep men awake for prolonged periods some form of 
continuous muscular activity is necessary. This condition, together with the 
fact that the experimental subjects must maintain for an unusually long time 
the normal upright position of the body, as w^ell as be denied the muscular re- 
laxation and diminution of tonus that is a concomitant of sleep w^ould lead one 
to believe that muscular fatigue is a contributing factor to the effects of prolonged 
wakefulness. Although measurements of work were not made in these studies, 
casual observations indicated that the work capacity of the men at any stage w^as 
independent of the loss of sleep but related to the amount of time that had elapsed 
from a previous period of heavy work and, more important, to the motivation. 
For instance, in those experiments where an unusually heavy w^ork program was 
given during the first two nights (two long marches), the men would be re- 
bellious about going on a 4 or 5 mile walk on the 3rd, 4th or 5th day, asserting 
they were exhausted. But they would readily participate in a fast game of 
basketball, volley ball or w^ater polo at any time, and would play for an hour or 
more in a manner indistinguishable from that of fresh, rested men. Undoubtedly, 
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a greater degree of muscular “fatigue” was present in the men during bouts of 
sleeplessness under normal conditions; nevertheless such observatiens tend 
to show that it is not so severe as to be an important factor in these studies. It 
appears, then, that although exhaustion and extreme sleepiness always ac- 
company extreme muscular weakness, prolonged wakefulness is not necessarily 
accompanied by great muscular fatigue. 

What, then, is the cause of the “deterioration” in performance? As pointed 
out above, it was difficult to detect deterioration in performance. Only with a 
test that requires prolonged attention, which is unduly boresome, or is given 
under conditions that are conducive to falling asleep (eyes closed or in darkened 
rooms) will “deterioration” become evident. Examination of the individual 
records, where such deterioration occurred, indicated that it was not due to 
failure in the particular skill, per se, but to a momentary dozing off or diminution 
of attentiveness and ability to concentrate on the part of the sleepy subject. As 
further evidence, this drop in the performance of the men was closely correlated 
with the increasing sleepiness or difficulty in remaining awake. That the de- 
terioration was not more apparent on the 2nd night was probably due to the fact 
that the testing period was held too early on that evening. 

It could be expected, then, that any procedure which improved the ability of 
the men to remain awake, and hence increased their attentiveness under these 
circumstances would prevent the falling off in performance . Under certain con- 
ditions benzedrine sulfate had that effect. *. If it was administered in any experi- 
ment before 36 hours, it had no useful purpose for up to that time little difficulty 
in remaining awake was experienced and no deterioration in performance was 
found to occur. If, on the other hand, its administration was delayed until the 
time that greater difficulty in remaining awake was encountered, it improved 
the ability of the men to stay awake and, as a consequence of this action, the 
deterioration in performance of the men was prevented. 

However, if the same dosage was repeated daily during the 112 hours its anti- 
hypnotic action diminished and, as a result, it had no effect on performance. 

A possible explanation of the mechanism for these effects is suggested by other 
studies. It is known that increased attention or mental effort is accompanied by 
an increase in the rate of the electrical activity of the brain (10). It was shown 
(1) that the mental effort required of a subject to remain awake during experi- 
mental insomnia resulted in an increase in the rate of the potential changes in 
the brain far above the level found during the control days. Furthermore, if 
an additional effort, such as working a multiplication problem, was exacted of a 
sleepy subject the results pointed to the reduced capacity of such a fatigued brain 
to further increase the rate of its electrical activity in response to the additional 
stimuli (1). One of the actions of benzedrine suKate is to increase the rate of the 
electrical activity of the brain (11), and it is suggested that by this action it con- 
tributes an important condition required Jbr remaining awake during experi- 
mental insomnia. 

Ivy (12, 13) and Dill (1^ and their* co-workers have noted an effect of benze- 
drine sulfate and otheriftmtdants on the amount or character of the work output 
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only under those situations where the testing procedures were made unusually 
long or where the administration of the drugs was accompanied by a subjective 
feeling of relief from fatigue. It would appear that the above interpretation 
might also explain the action of such stimulants under conditions where the sub- 
ject had h^d adequate sleep but the procedure produced a fatigue of the central 
nervous system. 

The most outstanding findings as a result of loss of sleep are the psychological 
disturbances. For the most part, these became evident beginning on about the 
3rd day. In general, this confirmed, on a more extensive scale, the results re- 
ported by others (2, 3). In addition, a few cases occurred which were not mild 
and, in fact, resembled symptoms of acute schizophrenia. That such incidents 
were observed for the first time in these experiments is no doubt due to the fact 
that a larger number of men were used and hence a more representative sample 
of their particular age group was obtained. Although the cases shown here fully 
recovered after the equivalent of a night’s sleep, one cannot help but feel that the 
mechanism producing the psychological symptoms, such as apathy, bursts of 
unreasonable laughter, autistic expressions (which were apparently due to dreams 
occurring in the semi-sleep periods), and the tendency towards hallucinations 
might be related to that causing the permanent changes in certain psychotic 
disorders. 


SUMMARY 

From the results reported here and in previous publications (1, 4, 5, 8), it was 
found that: 

1. With the exception of the effect on the electrical activity of the brain, no 
other significant physiological or biochemical changes Avere observed during 112 
hours of experimental insomnia, and the indications are that the fatigue is con- 
fined to the higher centers of the central nervous system. 

2. Performance based on tests of a wide variety of psychomotor skills shows 
little change as long as the tests are of short duration . Modifying a procedure 
to require a sustained effort on the part of the subject results in poorer perform- 
ance, first becoming evident after about 60 hours of sleeplessness. The inability 
to sustain effort is related to the increased difficulty of remaining awake and not 
to any muscular weakness. 

3. Benzedrine sulfate prevents such deterioration in performance when it is 
fitst administered between the 36th and 48th hour. A possible explanation for 
the mechanism of action of this drug under these conditions is offered. 

4. Barbiturates in the dosages employed have only a slight effect on perform- 
ance or the ability of the men to stay awake during such a vigil. 

5. The chief disturbances produced by sleeplessness are psychological. In 
the great majority of the subjects these changes are mild and transitory, dis- 
appearing following sleep. The possible relationship between the mechanism 
producing these symptoms and the more permanent changes in certain psychotic 
disorders is discussed. 

The author is indebted to many for invaluable suggestions and assistance in 
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In a previous study (1) there could be found no evidence of hypoglycemia or 
of the s<^lled h:poglycemic syndrome after a breakfast containing approxi- 
mately ^ calories, 81 per cent of which was derived from carbohydrate 
Similar obse^ations were made on a group of swimmers several hours after a 
heavy meal in which carbohydrate provided 76 per cent of the total calories 
From these studies it was concluded that the hypoglycemic syndrome which 
can be relieved by restriction of the carbohydrate intake is a pathological con- 
ition and not a normal physiological response to a high carbohydrate meal 
In the s^e volume of the Journal in which our paper appeared there was 
another (2) m which entirely different results from ours were reported. The 
m^stion of 70 to 150 grams of dextrose was found to induce the development 
tb f ® reactions in 5 out of 6 subjects approximately 50 per cent of 

rithti fTb " ‘hypoglycemic episodes usu^ Sgan 

t * ^ Ihoors after ingestion of the sugar and occurred with approximately 
equal frequency at either ground level or altitude. The seizures were char^ 
actenzed by subjective sensations of nen^ousness, impending danger pares- 
thesia weakness and hunger, and objective manifestations of pallor^ sweating 
tremulousness, coldness of the extremities, and a tendency in some toward a 
drop in oral temperature. 

In view of the advisability of routine carbohydrate feeding to flight personnel 
suggested by the experimental evidence that a high carbohydrate intake leads 
to a gam in altitude tolerance (3, 4, 5), it becomes of practical importance to 
establish unequivocally the existence or non-existence of a relationsWp between 
a high carbohydrate mtake and a subsequent hypoglycemic sj-ndrome It is 
obvious that the occurrence of such reactions as weakness, intense hunger, Id 
tremor, either mild or severe, may lead to disastrous results in flight and would 
be especially dangerous should they develop at or about the time of landtog” 

The present study was undertaken to determine whether the hypoclycemic 

I'y D’Angelo (2) after dextrose^lministra- 
tion would be induced by the more common article of food, sucrose. 

Pbocedube. Forty-four medical students, three of whom were women 
^rved as volunteer subjects. In order to avoid the possibility of suggestion 
playmg ^y part m their subjective state, they were told that the purpose of 

se Jh'pruEoi “ grant-in-aid from the Sugar Re- 
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the experiment wae to obtain data on the sucrose tolerance curve. Care was 
taken to avoid any reference to the hypoglycemic syndrome. 

On the day of the experiment the subjects came to the laboratory in t 
fasting state Two basal blood samples were taken: arterial by finger puncture 

S by v«.epm.c.u™. The subject, the. *.nk s 

sucnw solution contsiniW! 16 er«ns of the sugsx per Ho b^ iTlSl us^ 
PC water For the remainder of the morning they contmued m their usu 
activities reporting to the laboratory at hourly intervals for the “^xt ^r hours 
for lirdS of blood samples. No other food was taken un d the nud- 
dav meal Obfective estimates were recorded by four members of the research 
the physical and behavioral reactions of the subjects. In the course 


arterial blood- Hagedorn- Jansen 
•venous blood- Hogedorn- Jensen method 
venous blood— Somogy I method 



Fig. 1. Sugar concentrations in arterial and venous blood following the ingestion of 1.6 
grams sucrose per kilo body weight m 400 cc. water. 


of a general conversation with each subject at the conclusion of the 
izns: cUciWl .. how ho felt. Again w.. e»rc»cd to avo.d 

blood «« fin.Iy.ed for .ugnt by the 

and venous blood by the Shaffer-Hartman-Somogyi method (6). “ 

«toi<d »d v»ou. blood .ugfw value.. Venoo. .«nple. obtamed 
toSTt the egperiSuft »e pr.«nted in g^phie ton. m figure 1. The 
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curves of venous blood sugar have the contour of those usually obtained in 
normal individuals on the glucose tolerance test. The concentrations which 
rose appreciably one hour after ingestion returned to the basal within two 
hours and dipped below this level the third hour. The concentration in arterial 
blood which was at the same level as in venous blood in the fasting state rose 
to an appreciably higher level in the first hour and returned more slowly to the 
basal than is the case with venous blood. Unlike the latter it did not fall 
below the basal. 

Analysis of the individual data revealed that by the Somogyi method, (which 
gave lower values than the Hagedom- Jensen procedure) only 9 out of 44 sub- 
jects had a blood sugar concentration below 80, 6 below 70, and 1 below 60 in 
the third hour after the ingestion of sugar. From these results it may be con- 
cluded that hypoglycemia, in the generally accepted sense of the term, is not a 
usual response to the ingestion of a large amount of sucrose. 


TABLE 1 

Blood sugar concentrations after ingestion of glucose and of sucrose (1. 5 grams/kilo in 400 

cc. water)* 



The observations recorded by the objective observers were uniformly in 
agreement. In only two of the subjects were there manifest any symptoms or 
physical signs that bore a resemblance to the hypoglycemic syndrome. Both 
these subjects (one man and one woman) were somewhat nervous. Each 
complained of a sense of faintness. Perspiration was observed on the fore- 
head and palms of the hands. However, it is important to note that in both 
these individuals these signs were present before sugar was taken. It is a 
reasonable assumption that fear over being stuck with a needle was responsible 
for the reaction. To all outward appearances the physical condition and be- 
havioral pattern of all the other subjects were no different from those which had 
been observed in our previous frequent contacts with them. 

Inspection of the subjective reports which were recorded after the interview 
showed that 31 of the 44 subjects felt “perfectly normal.” Frequently the 
comment was volunteered by a subject that he was surprised to find he could 
get along just as well on the sugar as on his usual breakfast. Of the remaining 
13 subjects, 8 stated that they felt hungry at 11:00 o’clock or at noon; two 
(as stated previously), appeared faint and nervous; one complained of headache 
at 12 o’clock; and two were somewhat nauseated from 10:00 o’clock on. 

This discrepancy between our results with sucrose and those of D’Angelo 
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with dextrose suggested the possibility of a slower rate of absojjtion after 
sucrose ingestion. If such were the case a more rapid rise m the blood sugar 
concentration foUowing the administration of dextrose might conceivably ac- 
count for the difference in the results. This seemed improbable m view of the 
findings of Rabinowitch (7) that the sugar concentration of venous blood of 
diabetics showed an appreciable rise within 5 minutes after drmlung a 5 per 
cent aqueous solution of sucrose containing 10 grams of sugar. However, it was 
considered advisable to obtain comparative determinations on the rise of ar- 
terial (finger tip) blood on normal subjects after ingestion of glucose and sucrose. 
One and five-tenths grams of these two sugars per kilo body weight was ad- 
ministered on different days to the same subjects. The sugar was dissolved in 
400 cc. of water and two minutes allowed for drinkmg the entire amount. The 
averages of 26 experiments with each sugar on 9 subjects are presentedm table . 

From these observations it is apparent that the sugar concentration of the 
blood rises with equal rapidity after the ingestion of glucose and of sucrose. 
Obviously sucrosd is inverted promptly in the gastro-intestinal tract. 

The sugar was consumed in these experiments at 2:30 in the afternoon. INo 
other food was eaten before the evening meal 3i to 4^ hours later. In no 
instance did the subjects experience the symptoms of the hypoglycemic reaction. 


CONCLUSIONS 

A study of the blood sugar concentration and the behavioral response of 44 
healthy young adults failed to reveal any evidence of the so-called hypoglycemic 
syndrome during a four hour period following the ingestion of 1.5 grams sucrose 

or of dextrose per kilo body weight. . 

The blood sugar concentration rose with equal rapidity after the mgestion 

of sucrose and of dextrose. , • j 

These experiments off6r confirmatory evidence for the conclusion drawn 
from previous studies that the hypoglycemic syndrome is not the usual response 
of normal healthy adults to a high carbohydrate intake. 

Correction in Figure one. The first point only, i. e. those on the ordinates 
are the basal values. The sucrose was injected immediate y after drawing the 
basal blood sample. 
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I ressure tracings from the left auricle and the pulmonary veins have been 
obtained, using the cardiac catheterization technique (1, 2, 3, 4) in three young 
human subjects, 5 months, 2 years and 5 years of age, with an interauricular 
septal delect; and compared with pressure tracings in the right auricde. As 
far as can be ascertained such tracings have not l)ecn previously reported in 
man. The auricular septal defect was not associated in any of the cases with 
ci demonstrable anomaly of the mitral or tricuspid valve. There was no evidence 
of cardiac decompensation at the time of study, and on the basis of the fluoro- 
scopic findings there was no apparent dilation of the right or left auricle. The 
systolic blood pressure in the right ventricle was elevated in the 3 cases, pre- 
sumably as a result of an increase in pulmonary flow; however, in one case a 
moderate degree of pulmonary stenosis could be demonstrated, the pulmonary 
artery systolic pressure (33 mm. Hg) being lower than the right ventricular 
systolic pressure (59 mm. Hg). 

Technique. A no. 0 French ureteral radio-opaciue catheter was introduced 
into the venous system by way of the internal sa|)henous vein exposed in the 
femoral region. Under fluoroscopic control the tip of the catheter was platted 
successively in the right auricle, the left auricle and one of the pulmonary 
veins (fig. 1). Tracings were obtained, within a short time interval, from the 
various locations, using a Hamilton manometer and/or an electrical apparatus 
(5) for the pressure recordings. Electrocardiograms were taken simultaneously 
using the standard lead IT. The time lag between electrical events recorded 
with the electrocardiograph, and mechanical events simultaneously induced 
and recorded, was found to be 0.01 second, for both types of manometers. 
During the entire procedure, a steady state of the respiration and circulation 
was maintained, the subjects being under avertin anesthesia. 

IIesults. In the top row of figure 2 appear pressure tracings taken with 
the Hamilton manometer a few minutes apart from the right auricle and from 
the left auricle of the child 5 months old. In the bottom row is illustrated a 
tracing recorded from the left auricle of a child, age 2 years, using the electrical 
recorder. The similarity of both tracings of left auricular blood pressure is 

^ Under grants from the Commonwealth Fund and the Life Insurance Medical Research 
Fund Gift for Study of Action of Certain Cardiovascular Drugs. 
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Fig. 1. X-ray of the chest in a case of a 5 month old child with the tip of the catheter 
located in the right auricle (left) and in a pulmonary vein (right). The catheter was 
introduced into the venous system through the right internal saphenous vein at the femoral 
region. Its tip is located in the right auricle (left x-ray picture), and then passed through 
an interauricular septal defect into the left auricle and a left pulmonary vein (right x-ray 
picture). Note that the catheter tip lies outside the heart shadow in the latter picture. 
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Fig. 2. Tracings of blood pressure taken from the right auricle (upper row— left) and the 
left auricle (upper row — right and lower row). 

Both records in the upper row were taken within a few minutes interval, in a 5 month 
old child, under avertin anesthesia, through a number 6 catheter connected with a Hamilton 
manometer. The time lag in the recording system, including the catheter, between electri- 
cal and mechanical events was 0.01 second. There is no parallax between the electro- 
cardiogram and the pressure tracings. Note the marked pulse rate variation and the 
inversion of the P wave on the left ECG tracing. 

The record in the lower row was taken in a two and one half year old child through a 
number 6 catheter connected with an electrical recording system (see text) . 
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striking with regard to the shape of the curve and the amplitude of the pressure 
variations during the cardiac cycle. 

Tracings from the left auricle, however, differed greatly from blood pressure 
curves of the right auricle in the following characteristics: a. The pressure 
rise during the auricular systole was greater, and in 2 cases where the tracings 
could be satisfactorily compared, the pressure at the peak of auricular systolic 
wave in the left auricle averaged 13.1 mm. Hg as against 4.7 mm. Hg in the 
right. 6. The slightly positive wave or notch corresponding to the onset of 
ventricular systole, clearly visible after the right auricular systolic wave, was 
not visible on the left auricular tracing, c. The pressure decrease in the auricle 
during the period corresponding to the descent of the base was much greater 
in the left than in the right auricular tracing, d. The pressure rise simulta- 
neous with the ventricular ejection phase, and corresponding to the rapid phase 
of auricular filling, was much greater in the left auricle, averaging 11.7 mm. Hg 
as compared to 3.7 mm. Hg in the right, and its slope was much steeper. 


TABLE 1 

Mean pressure measurements in the right and left auricles and in the left pulmonary veins 


CASE 

AGE 

EIGHT AURICLE 

LEFT AURICLE 

! LEFT PULMONARY 
VEIN 

G. D. no. 329 

F. G. no. 267 

C. G. no. 296 

5 months 

2 years 

5 years 

mm.llg 

+ 1.0 
+1.6 
+1.5 

mm, Hg 

+5.0 

+3.2 

+4.0 

mm. Bg 

+7.0 

+5.0 

+6.5 

Average 


+1.4 

+4.1 

+6.2 




e. Finally, the decrease in pressure corresponding to diastolic inflow was 
more marked in the left than in the right auricular tracing. 

In table 1 are tabulated the mean pressures in the right and left auricles and 
pulmonary veins, obtained by planimetric integration of the area under the 
pressure curves and averaged for the 3 cases. The average mean pressure in 
the right auricle checks well with figures obtained in normal adults. The 
pressure gradient between the left mean auricular pressure and the right, re- 
spectively 4.1 mm. Hg and 1.4 mm. Hg is very significant. 

Discussion. It has long been suspected by clinicians that the pulmonary 
blood flow is considerably increased in cases of interauricular septal defect. 
Presumably this large blood flow is due to shunting in variable amount of 
pulmonary venous blood from the left to the right auricle and thus adding to 
the returning systemic blood flow. The observations reported here give ob- 
jective evidence of such a shunt. The mean pressure being higher in the left 
than in the right auricle, provides a pressure gradient which favors the shunting 
of blood through the septal defect in the expected direction. Since it is known, 
however, that in cases of interauricular septal defect the arterial oxygen satura- 
tion is sometimes lower than normal, especially during periods of increased 
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activity, shunting of blood from the right to the left auricle is also a. distinct 
possibility. An analysis of instantaneous pressure differences between both 
auricles would be required to provide factual evidence of this additional shunt. 
Using a double lumen catheter (6) for simultaneous recording of pressures in 
both auricles would seem to be the best method to provide pressure records 
for such analyses. The size of the venous system in the young subjects studied 
precluded the use of this type of catheter. However, a reversal of interauricular 
blood flow, proceeding from right to left during a short phase of the cardiac 
cycle, may be assumed on the basis of the distinctly lower level of pressure 
attained in the left than in the right auricle during the period corresponding to 
the descent of the base. 

In analyzing the factors contributing to differences in contour and pressures 
in tracings taken from each auricle the following should be emphasized: a, 
changes in hydrostatic levels affecting both differentially; 6, transmission of 
pressures from one to the other through the abnormal communication; c, sepa- 
rate dynamic conditions prevailing in each. 

Wiggers (8) has suggested that the left auricle might be more affected than 
the right by the up and down movements of the ventricular base. It seems 
unlikely that shifts in the hydrostatic level account alone for the large differ- 
ences in form and pressure. 

If for the sake of discussion, the presence of an abnormal communication in 
the interauricular septum is invoked to explain the higher peak of the left 
auricular systole, the following sequence of events may be postulated: Q) As 
the wave of excitation from the S-A node (impulse) has been shown to arrive 
0.015 sec. sooner in the right auricle than in the left, the earlier effects of pressure 
rise in the right auricle would be transmitted through the defect; (2) these 
would result in an increase in volume of and initial tension in the left auricle 
before its systolic contraction starts; (3) the higher systolic peak would, there- 
fore, be due to a summation of effects of increased initial tension and energy 
produced by the left auricular contraction. However, the very large pressure 
difference between the peaks of auricular systole in each chamber, averaging 
8.4 mm. Hg would seem to argue against this explanation. 

Indeed, the d^her individual characteristics observed in the left auricular 
tracings, i.e., the large pressure drop corresponding to the descent of the base, 
the steeper ddpe and .more rapid rise of pressure during ventricular contrac- 
tion, cannot be accounted for xmless the notion of inherently distinct dynamic 
conditions in both chambers is introduced. There are anatomic differences 
between (a) the two auricles, the left auricular wall being thicker than the 
right; (b) their venous reservoir, the 4 pulmonary veins being shorter and their 
diameter smaller than the superior or inferior vena cava and (c) both ventricles, 
the muscular development of the left ventricle being much greater than the 
right. These anatomic differences suggest j^at the left auricle is less deform- 
able than the right; that its venous reservoir has a smaller capacity, and finally 
that effects of muscular activity of the left ventricle upon volume and tension 
in the left auricle may be more pronounced than similar activity of the right 
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ventricle upon volume and tension in the right auricle. Such dynamic differ- 
ences are compatible with the tracings reported. They would tend to explain, 
m addition, why the large pressure changes in the left auricle do not influence 
dd^r^ conditions in the right auricle, as they are transmitted through the 

While pr^sure curves in the left auricle have been reported many times in 
dogs, (8) there is a lack of information concerning the amplitude of pressure 
vanations. A CMual reference is made in Starling’s Physiology to a higher 
pr^ure m the left auncle than in the right. According to Wiggers (9) who has 
had considerable experience in recording left auricular pressures in dogs with 
open chests, most of these have not been measured as it is not easy to obtain 
auncu ar pressure records free from extra-cardiac impacts especially in the 
case of the left auricle. However, Hamilton, Woodbury and Vogt (10) have 
sho^ that pressure variations in the pulmonary veins of intact, unanesthe- 
tized dogs were of large ampUtude during each cardiac cycle providing, there- 
fore some suggestive evidence that there may be differences in the dynamics 
of the two auncles of the dog. 


SUMMARY 

1. In 3 human subjects with an interauricular septal defect pressure tracings 

were obtained successively from the right auricle, the left auricle and a pul- 
monary vein. ^ 

2. The amplitude of pressure variations and the mean pressure in the left 
auncle was greater than in the right. 

3. The importance of these findings in relation to the mechanism of blood 
Shunt m interauricular septal defect is discussed. 

• u ®'*S8ested that in normal man dynamic conditions may not be identical 
in both auricles. 
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While a variety of indices of the development of circulatory shock are now 
available for the experimentalist, the clinician must still rely almost exclusively 
upon determinations of blood pressure and palpation of the peripheral arterial 
pulse in order to foUow the course of circulatory failure. It is a common ob- 
servation that shortly after a moderate hemorrhage in which blood pressure jb 
reasonably well maintained the peripheral pulse may become intensified and 
assume a bounding quahty. If blood pressure subsequently falls toward 
terminal shock levels this pulse is gradually replaced by a thready pulse of 
small amplitude and rapid rate. An analysis of these pulse forms with the aid 
of optical recording methods would not only serve to clarify the cause of changes 
in the pulse in shock, but also might offer information as to alterations in the 
arterial system during the circulatory failure. The femoral arte^ pulse of 
the dog is particularly well suited for such an experimental analysis because it 
represents the peripheral pulse whose genesis has been most thoroughly in- 
vestigated. . . , , , j • 

Shock Technique. In order to determine whether the penpheral pulses durmg 
progressive circulatory failure of hemorrhagic shock show specific charactei^ 
istics, it is necessary to compare them with pulse forms which are observed 
during benign hypodynamic states. Such comparisons may be made by using 
the step-wise hemorrhage method described by Lawson (12) in the bleeding 
and reinfusion procedure developed in this laboratory for production of stand- 
ardized hemorrhagic shock (11, 19). Dogs were anesthetized with sodi^ 
barbital (ca 280 mgm.Agni.). Mean pressures were recorded by cannulating 
the right axillary artery. Pressure was reduced to 60 mm. Hg by repeated 
withdrawals of 2 cc. of blood per kgm. from a femoral artery every two minutes. 
In some experiments it was lowered temporarily to 30 mm. to make observa- 
tions at this level and then sufficient blood was promptly reinfused to return 
the animal to the 60 mm. level. By recording optical pulses during the interval 
of stabilized blood pressure before each bleeding, control, records were obtained 
of the pressure pulses at succesavely lower levels of simple hemorrhagic hypo- 
tension. The pressure was maintained at 60 mm. Hg for 90 minutes. It was 
then reduced to 30 mm. Hg and mamtained there until either respiratory failure 
threatened or it proved necessary to reinfuse more than 10 cc./kgm. of the 
withdrawn blood in order to prevent decline of mean pressure below 30 mm. 

1 This investigation aionsored by a grant from the Commonwealth Fund. 
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blood properly waimed and filtered, was then reinjected by a 
femoral vem. One of the two criteria for terminating the hypotensive period 
WM. usually encountered after 40 to 60 minutes at the 30 mm. level. Of a 

^ procedure, 9 exliibited fulminant faUure and 

good blood pressure level after remfusion but died in shock 45 to 300 minutes 
later, 1 shoved a protracted failure, and 2 gave no indications of shock. 

echntqw for Recording Central and Femoral Pressure Pulses. Optical pulses 
iirthTkw'^ "1 lateral pressures in order to exclude the necessity of comider- 
mg the kinetic fwtors m the blood column in the interpretation of the pulse 

leTTnf VI ^ P“®“g ^ down the 

left carotid artery. Lateral femoral pressure was obtained by inserting a 15 

untifit?rn^ ^ branch of the femoral artery 

until Its tip came flush with and at right angles to the wall of the femoral artery 

In some expei^ents a third pressure pulse was recorded by means of a 13 or 
thetnWeS^ ^ °®'^*bneters below 

The optical manometers were similar in design to those used by Green (6) 
except that a tense rubber membrane was used in preference to the glass mem- 
brane and the manometer was supported in a special clamp which provided 
accurate^ adjustments for the horizontal position of the light beam. The ade- 
quacy of the manometers was indicated by natural frequencies of 125 to 150 
per second when connected with the aortic sound and frequencies of 80 to 110 
when connected to the needles used for femoral and dorsalis pedis pulses. 

System represented somewhat of a departure from other methods 

flhlf. ’IL ^ ^ J °*^*^^*^ advantage of the sharp image obtain- 

able with ihe sht lamp and still avoid parallax a simplified multiple sUt lamp 

mpLi™? ^ projection lamp shining through a 

metal plate in which are machined a series of vertical slits 1 mm. wide and 3 

® ‘’ybndrical lens with long axis vertical placed 

immediately behmd the plate and a 4 diopter spherical lens in a draw-tube in 
ront of the plate serve to flood the manometer bench with a whole series of 
sht beams. By slight lateral movement the mirror of any manometer may be 
the center of one of these beams. The mirrors are 0.5 diopter 
silvered lenses which make possible the focusing of a sharp image of the slit at 

manometers. Adequate recordings are 
obtained wrih this arrangement at the recording speed of 120 mm. per second 

iriA^hrlf equipment is familiar 

ivith the fact that cahbration levels are prone to shift from time to time in 

this in the design and manipulation of 
instruments. Therefore, after each recording the manometers were switched 
from the animal to a pressure system and a short recording made with the 
system at some standard calibration pressure in reference to fixed base-lines 
projected from stationary mirrors on the manometers. Pressures in all in- 
artei^* standardized in reference to the hydrostatic level of the carotid 
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General Characteristics of Cmtral and Peripheral Pressure P^es. up^r 

eraph of figure 1 shows changes in mean arterial pressure dunng stepwise hem- 
Srhage an^during the maintained periods of 50 mm. and 30 mm h^otenaon; 
the latter eventuating in death in this instance. Hlustrative optical reco^ ot 
aortic and femoral pressure pulses obtained at tunes marked A-J are shown m 
“orfB below. Tb. aortic prt«»rt curve, (A-G) *0,. pr«^ 
reduction in pulae pteasure and a slower elevation oi the aronding m . 
diastolic limb shows a progressive decrease in gradient, and m ^ 

become quite flat. These transformations are essentially simdM to those which 
foUow rapid massive bleeding, the only difference bemg that the cWctmstic 
development of a primary spike does not occur. This was also noted by W 

**The temoral pressure pulses in this series show a variety of changes which can 
be classified into four general types. The typical normal fom 
ment A of figure 1 may be termed type I. It is charactenzed by Pnmary 

and dicrotic waves with a pulse pressure 1.5 to 2.0 tunes that of the aortic 
pulse pressure. While aortic pulses in segments C and D do not 
nificantly in form and display a slight decrease in pulse pressure, the femoral 
pulse shows a more rapid rise and fall of the primary wave with a pulse pressure 
hicreasing to almost three times that of the central pulse pressure, 
also a tendency for the positive dicrotic wave to become 
This form may be identified by designating it type II. In records E-G while 
the central pulse stiU shows relatively minor changes in contour the femoral 
pulse shows a progressive slowing in the rise and fall of the primary wave and 
a reduction in the dicrotic wave untU in segment G the dicrotic J 

disappears. These pulses are verging towards a type III pulse in which, al- 
thoudi the femoral pulse pressure is stiU significantly greater than the central 
nuZ pressure the primary wave is greatly broadened and the dicrotic waves 

“rt stri&g to of tti. typo HI -ill »0 obsertod Wow 

m the right himd recording for dog 5 in figure 6. Finally, in 
form of the central pulse is markedly changed to an abrupt rise and fall durmg 
svstole without much change in numerical pulse pressure. Yet the femoral 
pulse becomes greatly broadened and for the first time the femora pulse pres- 
surTbecols LuJr than that in the aorta. Iliese femoral pulses may be 

^^PhyliS pLurrs Affecting ^orm and Amplitude of Femoral ^ 

well Ltablished that the peripheral pulse represents a ® 

wave created in the aorta and transmitted tow^d whic^^^ 

mates with waves reflected back from the penphery. According to Hamilton 
and Dow (9) the waves reflected from peripheral arterial beds below the thorax 
are projected back to the aorta almost simultaneously and by summation pro- 
duce^alarge pressure oscillation or “standing wave” m the central compre^ion 
chamber. *This summated reflected wave usuafly rises just after ^the foot of 
the transmitted fundamental wave has reached the femoral ar ery. 
result, the two waves merge indistinguishably and raise the systolic peak pres- 
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sure in the femoral artery to a level which is consideral)ly higher tlian systolic 
aortic pressure. 





p*v.v.v.YAViiv,v.’ TOv.vwAv.vAv 


P'ig. 1. Dog 4. UpiK*!- grapli: Plot of blooding volumo (BY) oxprossod as per cont ol 
body weight and mean blood pressure (MHP) in millimeters llg for entire experiment. 
Pulse tracings shown below ol)tained at the points indicated. ITppc'r tracing in each record : 
aortic pulse; lower tracing; lateral femoral pulse. Systolic and diastolic pressures in- 
dicated. Time signal in all recordings indicates 0.02 second for each double vibration. 


The ways in whicli these summations can change are shown schematically in 
figure 2. The top row shows a typi(;al aortic pulse as well as the transmitted 
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fundamental wave and the standing waves produced by reflections under normal 
conditions. For the sake of simplicity, the form of the transmitted wave is 
pictured as that of the central pulse with rapid oscillations damped out. The 
summation of the reflected waves is assumed to produce a simple sinusoidal 



REFLECTED FEMORAL PULSE - TYPE IV 


Fig. 2. Scheniatic synthesis of femoral pulse types as described in text 

standing wave. Although neither of these assumptions are strictly correct 
they serve quite well for a first approximation. The second row in figure 2 
illustrates the addition of the two components to form the typical normal 
femoral pulse of type I. The third row illustrates the changes that may be 
anticipated if for any reason the distensibillty of the compression chamber 
decreases; the fourth row the changes that would similarly result if the dis- 
tensibility increases. It will be observed that the resultant effects on femoral 
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pulse contour correspond to changes in the pulse form which have been identi- 
fied above as types II and III. The cause of these changes is obvious. When- 
ever the distensibility of larger arteries decreases, i.e., when their walls become 
more tense, the period of the summated standing wave decreases and its ampli- 
tude increases. Since the speed at which both fundamental and reflected 
waves are transmitted will increase, the waves will summate earlier. Vice 
versa, when the distensibility increases the standing wave produced by the 
summated reflections will have a longer period and a decreased amplitude. 
Since the waves are transmitted more slowly, summation with the fundamental 
transmitted wave is delayed until it approaches its summit. 

It is more difficult to resolve the factors which enter into the development of 
the type IV femoral pulse that is observed at very low blood pressures. Since 
peripheral pulse pressures are significantly less than aortic in this type, it is 
obvious that there must be a great damping of the central pulse in its trans- 
mission. If any reflected component is present under these conditions it must 
be of extremely low amplitude and freciuency due to passive release of elastic 
tension in the arterial tree as a result of the great reduction in diastolic volume. 
Ihe combination of these two factors would lead to a pulse contour whose 
components might be pictured as in the last row of figure 2. 

While such a theoretical synthesis of pulse types does not in itself‘ prove the 
mechanism of changes in pulse contour observed in the animal, it does offer a 
rational approach to the interpretation ol pulse form. rh(> algebraic subtrac- 
tion of all curv'cs to determin(‘ what changes occur in the Ibrm of the reflectcHl 
wave system represents too arduous a task to be pra(;tical. It also would be 
subject to the criticism that the precise form of the transmitted wave is not 
definitely known. However, by measuring a few critical variables a- fair esti- 
mate of changes in the properties of the arterial tree may be made. Fii-st, the 
elastic; condition of the aorta may be assessed by mc^asuring the transmission 
rate; ( I H) of the pulse wave to the femoral artery. Vflien such measurements 
are made between two fixed points in the same animal onc^ avoids the objections 
that have been raised against the use of pulse transmission rates for such a 
purpose (20). Secondly, since the f)eak of the femoral pulse represents the 
addition of a reflected wave to the transmitted wave, the difference between 
the femoral pulse pressure (FPP) and the central pulse pressure (CPP) should 
indicate the approximate magnitude of the summated reflected wave. When 
expressed as the ratio: FPP/CPP, values greater than 1.0 should be indicative 
of the addition of a significant reflected component in the femoral pulse. Fi- 
nally, since the peak contour of the femoral pulse is primarily determined by 
the reflected components in pulse types I, II, and III, the time interval re- 
ejuired for the pulse to rise from its foot to its peak (FP) should give an estimate 
of the speed of reflection and the period of the standing wave. Similar infor- 
mation should be obtained by measuring the rate at which the wave falls from 
the peak toward the dicrotic notch. The time reejuired for the catacrotic 
limb to fall half way from its peak to the diastolic level PF) was selected for 
this determination in order to avoid the dicrotic phase of the pulse. The 


278 


ROBERT 8. ALEXANDER AND EDWARD A. 


WEBB 


dicrotic wave. theo»elve. have been found to involve too '“”y 

ST^tti.:/ S b«ide„t in the fortirer an.iy.i. of the o,»„.. 

^ToTorrect for passive changes in elasticity due to changes in the dynamk 
level of the system appropriate pressures had to be selected to w iic eac i . . 

of the Dulse wave (3). The duration of the anacrotic hmb of the kmoiai p 
fpS w^ milted to the diastolic pressure existing in the femoral artery at the 
(FI ) was relatea to ,,,t,«,rot,ic fall of the femoral pulse (i Ph) was 



3. Plot of raw data for [..I;;;;; 

.7«" U.rica MV ..I"™ 

obtained during the post-reinfuBion shock. 

„atod to a.c .ystolic pto^uro exiting in th. fomond artory nl tb. the 

Tage and post-reinfusion circulatory failure, certam general trends of t^ date 
rnage auu p ^ relationships of PR and ^ l P 

became apparent. g Values nlotted in this manner failed to 
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trend in dog 4 described above (fig. 1). These observations all point toward 
the occurrence of an active tensing of the central arterial system as hemorrhage 
is instituted. Since it is during this same period that compensatory vaso- 
constriction is known to occur it would appear that under these conditions, 
at least, the vasoconstrictor response involves a tensing of the central arterial 
vessels as well as a constriction of the arterioles. Such a parallelism between 
the response of the small vessels and the larger vessels has been assumed to 
occur generally by most investigators in the field (cf. review by Bazett (2)). 
As described above, after this initial shift towards type II, further bleeding 
leads to a more marked fall in blood pressure accompanied by a transformation 
of the femoral pulse towards type III. Vasomotor changes are not necessary 
to account for this latter shift, since it obviously represents the passive relaxa- 
tion of the central arteries as the volume of blood distending them is decreased. 

If post-reinfusion pulse contours are to be compared with these forms ob- 
served during hemorrhage, it is obvi^s that some allowance must be made 
for the compensatory alteration in pulse form as blood pressure lowers. This 
has been accomphshed by regarding the values obtained during the hemorrhage 
period for each individual animal as the ^‘controF’ response of this animal to a 
lowered blood pressure. ‘'Calibration curves,” indicated by the continuous 
lines in figure 3, were therefore constructed through these points and all data 
could then be expressed as per cent deviations from these curves at the corres- 
ponding pressure. When plotted in this manner as in figure 4 the calibration 
curve is represented by the dashed horizontal line at zero per cent deviation. 

It should be emphasized that this method of analysis automatically corrects 
for both physical and physiological variables that are encountered in the dy- 
namic changes resulting from a simple hemorrhagic fall in pressure. Since the 
total hemorrhagic period involved a progressive fall in blood pressure over a 
period of 40 minutes, it is assumed that all the normal compensatory reflexes 
to an acute fall in blood pressure had ample time to exert their influence on the 
calibration curves. To test the reliability of these calibration curves we made 
a second series of measurements of different pulses from the same recordings 
of the hemorrhage periods of dogs 13 and 22. The standard deviations of this 
series of twenty additional sets of measurements from the calibration values 
were ifc 3.2 per cent for TR, db 3.5 per cent for FP, and db 3.8 per cent for | 
PF. These deviations appear to represent little more than the error of measure- 
ment itself. Within the limits of accuracy with which the intervals could be 
measured, therefore, the calibration curves are a reliable description of the 
manner in which the respective variables were altered by the progressive lower- 
ing of the blood pressure during the period of hemorrhage. 

Changes in Pulse Contour During the Hypotensive Periods. Illustrative 
examples of the pulse changes in an animal that failed to respond to reinfusion 
at the end of the hypotensive period have already been presented in figure 1 
above. Of the ten animals which died in shock after exhibiting reasonably 
adequate responses on reinfusion of the withdrawn blood three have been 
selected as best representing the typical trends observed in the course of the 
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circulatory failure. The analyas of the records for two of th^ arc printed 
in detail in figure 4. A series of original pulse recordings for the tlurd of these 

animals is shown in figure 5. , .n a a j • 4 .u 

The general trends during the hypotensive periods are best illustra^d m the 
data for dog 13 in the upper part of figure 4. In most instances there is ^ 
acceleration in heart rate during this period coupled with an incre^ in the 
pulse transmission rate above the caUbration value. The possibility that these 
transmission rates might be influenced by hematocrit changes has been excluded 
(1). This evidence of a tensing of the aorta at the time the heart accelerates 
is indicative of a further compensatory response of the cardio-accelerator 

vasoconstrictor system. If our predictions outlined above in figure 2 are correct 
this tensing of the central arteries should be accompanied by a more rapid rise 
and fall of the peak of the femoral pulse. That such a change actually does 
occur during the 50 mm. period is indicated by a rise of both the FP and the i 

PF intervals above the caUbration level.* 

During the 30 mm. portion of the hypotensive period the changes are much 
more variable and dependent in part on the precise course of the particular 
animal considered. In general, however, this period was characterized by a 
tendency for all the variables to fall, the i PF interval topping far below the 
calibration level. It should be noted that at the same time tl^ ^Pf/CPP 
ratio drops well below 1.0, indicating a pulse form of type IV. Itoilton (8) 
has interpreted the disappearance of a reflected component from the femoral 
pulse as being indicative of vasodilatation. In this case such an interpretation 
would be entirely unwarranted, since the change in the elastic tension of the 
arterial tree is quite obviously the passive result of the drastic reduction m 
blood volume. Indeed, in the face of this dominant source of laxity in the 
arterial system, it is quite impossible to draw any conclusions as to the vaso- 
motor status of the animal from type IV pulses. . , , . 

Changes in PuUe Contour During, the Post-reinfusion Period of Circulatory 
Failure. Inspection of figure 4 reveals that immediately after reinfusion there 
is a transient period of dynamic readjustment which leads to an inte^al of 
relative stability. This is foUowed by a period in which there is a more obvious 
progressive failure of the circulatory system to terminal levek In general the 
initial period is characterized by a return of the several variables towards the 
calibration level. This is especially evident in the FP and ^ PF values for dog 
13 which fell well below the calibration level during the reinfusion and then 
gradually retqined towards the calibration value. It is difl5cult to be certain 
just what accclnted for the fall in these values. Although the prolongation of 
the FP and ^ PF intervals is suggestive of a vasodilator response to the rem- 
fusion, it should be noted that the FPP/CPP ratio remains near 1.0. Tto 
indicates an absence of any significsint reflected component and suggests that 
femoral pulse contour must be explained inAerms erf the form of the transmitted 
wave. Sueb an explanation is reasonable since'the period of reinfusion is 
characlferiz^ by a great augmentation of the central pulse due to the large 
incre!,ase in stroic6 volume. 




Fig. 4. AnalyBis of data from dogs 13 and 22. Plotted from top to bottom: Mean blood 
pressure (ilf BP), heart rate (HP), transmission rate of the pulse (TR) as per cent deviation 
from calibration values, duration of the anacrotic limb of the femoral pulse (PP) in solid 
circles and duration of the first half of the catacrotic fall (i PF) in open circles expressed as 
per cent deviation from calibration values, and ratio of femoral pulse pressure to central 
pulse pressure (PPP/CPP). 
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After this initial period of readjustment the FPP/CPP ratio rises si^ficantly 
above 1.0 and the interpretation of the peak of the femoral pulse as Mmg de- 
termined by the reflected component again becomes valid. During this phaw 
and continuing throughout almost the entire period of circulatory failure it ^ 
be noted that heart rates accelerate progressively and at the sme time the 
transmission rate of the pulse remains somewhat above the calibration level. 
If we employ these two factors as indices of the activity of the cardiovascular 
compensatory mechanisms responding to a falling blood pressure, it is erident 
that there is no rign of any generalized failure of these mechanisms until shortly 
before death. The fact that transmission rates exWbit a somewhat greater 
degree of compensatory activity than during the calibration period of hemor- 
rhage may be due to the added stimulant of acidosis on the vasomotor centers; 
or it might possibly represent the action of vasoconstrictor substances whic 
some investigators claim are liberated in shock (18). The contour of the 
anacrotic limb also fits the picture of an increased volume-elasticity coetiicirat 
of the arterial t'ree due to compensatory constrictor activity, since the FP 
interval is shortened, rising quite significantly above the calibration level in 
the case of dog 22. These observations would suggest a shift towards a femoral 
pulse of type II as observed early in hemorrhage. 

The course of the i PF interval, however, is in marked contrast to this trend. 
As indicated above, the significant downward trend of these values during the 
30 mm. period is dfficult to interpret because of the greatly reduced femoral 
pulse pressure and consequently a pulse form of type IV. Yet after reii^sion 
when the reflected component has again become prominent as evidenced by the 
hieher FPP/CPP ratio, there is still a marked abnormality in the catacrotic 
limb of the pulse. In dog 13 the J PF interval returns to the calibration level 
for a short period after reinfusion and then as mean blood pressure detenorates 
these values become greatly prolonged, falling far below the calibration level. 
In dog 22 the recovery of the i PF values after reinfusion never does reach the 
calibration level and towards the latter part of the experiment there is a great 


prolongation of the catacrotic fall in pressure. • a j u 

The consequence of these trends on the pulse contour may be appreciated by 
inspecting the actual tracings. In figure 5 are shown three pairs of recordings 
from dog 28 arranged so that pulse contours in shock may be compared with 
the pulse contours at roughly equivalent pressures during the initial Penod of 
hemorrhage.. Dorsalis pedis pulses were recorded in this experunent in addition 
to the aortic and femoral pulses. In records A-B and C-D the chants are not 
marked, but a more rapid rise of the femoral pulse together with diminished 
dicrotic waves is evident in B and D. In records E and F the contrast become 
marked, the femoral and dorsalis pedis pulses in shock showing a reasonably 
sharp rise of the anacrotic limb followed by a gradual fall of the catacrotic limb 
which is free of dicrotic waves. In figute 6 are presented a senes of before 
and “after” recordinp from several other animals. Although these pulses show 
some Elinor variations, it may be observed that the distinguishing chwacter- 
istic of the shock pulses is the prolongation of the catacrotic fall with a reduction 
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in or obliteration of the dicrotic waves. The anacrotic rise, on the other hand 
is reasonably rapid in all shock pulses except that of dog 5. The femoral pulse 
in this latter instance will be recognized as an extreme example of the type III 
pulse; its significance in this experiment will be discussed below. 

In table 1 are presented summary data for the 13 animals that responded to 
the reinfusion to illustrate the uniformity with which these trends were observed 



» m . rmtt r « » i 


Fig. 5. Iletjordings from dug 28 arranged so Unit pulses during slionk may be (;ompared 
with pulses during hemorrhage. Upper graph as in figure 1; tracings below show aortic 
pulse (upper), femoral pulse (middle), and dorsalis pedis pulse (lower). 


in shock. For this table two points were selected: the point at which the pres- 
sure became reasonably stabilized after the reinfusion and the point at which 
the progressive circulatory failure had lowered the mean blood pressure to 
approximately 80 mm. This latter point was selected arbitrarily as represent- 
ing a moderately advanced stage of the shock process without encroaching on 
the terminal periods of extreme hypotension where a variety of pre-mortal 
changes may enter to complicate the picture. 
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These animals have been arranged in the order of their survival tme, the 
first nine representing reasonably typical post-reinfusion circulatory failures ot 
varying rapidity. Dog 17 was somewhat atypical in that it showed early 
signs of rapid failure and then lingered at hypotensive levels for four hours 
before it exhibited a secondary fall to terminal levels. Dog 12 exhibited a 
protracted failure that did not conform to the typical picture of hemorrhagic 




HCMORRHAOE SHOCK ”l«MORRHaOE SHOClT 


Fig. 6. Recordings obtained during hemorrhage compared with recordings during slioek 
for several animals. Tracings on left show aortic pulse (upper) and femoral pulse (lower) ; 
tracings on right show aortic pulse (upper), femoral pulse (middle), and dorsalis pedis 
pulse (lower). 


shock as produced by this procedure, although a diagnosis of shock at the time 
it was sacrificed was warranted. Dogs 20 and 10, on the other hand, displayed 
no indications of shock physiologically and autopsy findings were negative even 
though they were submitted to the same standard bleeding and reinfusion 
procedure. The very gradual fall in pressure seen in dog 20 during the five 
hours after reinfusion was attributable to a persistent oozing of the heparinized 
blood from the surgical incisions which we were not able to control. 
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Inspection of the data for these animals reveals that with rare exceptions 
the transmission rate of the pulse is accelerated after the reinfusion and remains 
elevated throughout the post-reinfusion period. Although some of the in- 
dividual values are not statistically significant they consistently exhibited 
general trends of acceleration such as those illustrated in figure 4. Similarly, 
the time required for the rise of the anacrotic limb (FP) was less than the cali- 


TABLE 1 


DOG 

NO. 

UIN. AFTEX 
KEINFUSION 

MEAN 

BLOOD 

PRESSURE 

PULSE PRES- 
SURE ratio: 
FPP/CPP 

TRANS- 

MISSION 

rate: tr 

ANACROTIC 
limb: FP 

CATACROTIC 

limb: H ff 

survival AFTER REINFUSION 








(Min.) 

6 

7 

88 

1.72 

+2 

-21 

+52 

46 


10 

76 

1.57 

0 

-15 

+51 


5 

18 

147 

2.46 

+7 

-5 

+24 

90 


58 

85 

1.51 

+15 

-10 

+4 


11 

5 

106 

1.72 

+2 

-21 

+40 

112 


18 

79 

1.58 

+3 

-48 

+82 


9 

8 

87 

1.36 

-2 

+21 

+30 

136 


82 

80 

1.23 

+ 15 

-16 

+ 14 


27 

5 

78 

0.91 

0 

+29 

+56 

160 

28 

9 

126 

0.96 

+4 

+3 

-9 

190 


88 

82 

0.59 

+4 

-11 

+ 19 


13 

16 

140 

1.73 

+5 

-7 

+4 

205 


142 

78 

0.76 

+13 

-6 

+60 


18 

8 

105 

1.42 

+6 

-21 

+37 

208 


55 

78 

1.17 

+4 

-6 

+ 14 


22 

15 

110 

1.86 

+9 

+2 

+50 

241 


103 

80 

1.41 

+9 

-16 

+22 


17 

5 

121 

1.54 

+4 

+31 

+63 

300 


42- 

78 

1.82 

+ 10 

+45 

+80 


12 

13 

147 

2.15 

+6 

-13 

+26 

Sacrificed at 330 min. 
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81 

1.04 

+ 1 

-41 

+60 

Blood pressure : 60 mm. 

20 

15 

140 

1.31 

+7 

+42 

+32 

Sacrificed at 300 min. 
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98 

1.65 

-4 

-3 

-2 

Blood pressure: 95 mm. 

10 

19 

127 

1.76 

-4 

+13 

+16 

Sacrificed at 270 min. 


260 

116 

1.91 

+5 

-4 

0 

Blood pressure: 118 mm. 


Summary data for the 13 animals for whom reasonably adequate post-reinfusion periods 
were obtained. Transmission rates and the durations of the anacrotic and catacrotic 
portions of the femoral pulse are expressed as per cent deviation from the calibration values 
as described in text. 


bration value in most instances. Definite exceptions to this often were observed 
for transient periods immediately after reinfusion, a response which appeared 
to be especially marked in the case of dogs 10 and 20 which did not develop 
shock. In dog 17 this post-reinfusion increase in the FP interval persisted 
down to the 80 mm. level, but shortly beyond this point the interval shortened 
so that it averaged about 25 per cent less than the calibration value throughout 
the latter course of the circulatory failure. In contrast, except for a brief 
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period of shortening observed immediately after reinfusion in dog 28, the J PF 
intervals show a prolongation in all of the animals that developed shock; in 
most instances this was a very significant prolongation. It is therefore of 
paj^cular interest to note that dogs 10 and 20 which did not develop shock 
exhibited J PF values that were prolonged for a brief period immediately after 
reinfusion but then returned to the calibration level. More than four hours 
after the reinfusion the duration of the i PF intervals in these two animals that 
did not develop shock was essentially the same as that recorded in the calibra- 
tion data during the initial period of hemorrhage. 

These data demonstrate that in most respects the animal in shock exhibits a 
femoral pulse contour that shows fully as much evidence of compensatory 
vasomotor response as that seen in simple hemorrhage, but the shock pulses 
differ significantly from the hemorrhage pulses in the prolonged slow fall of the 
catacrotic limb. Since in most cases this change occurs with an FPP/CPP 
ratio that is significantly over 1.0 (table 1) and since it is accompanied by a 
disproportionate' loss of the dicrotic waves (fig. 6), it would appear that this 
change would probably be related to an alteration in the form of the reflected 
component of the pulse. To verify this, it is necessary to carry out the al- 
gebraic subtraction of the transmitted fundamental wave from the femoral 
pulse to determine the actual contour of the standing waves created by the 
summated reflections, a procedure that is simplified by employing the co- 
ordirectograph devised by Green and Maurer (7). As indicated e^lier, the 
transmitted component was assumed to be the central pulse with rapid oscilla- 
tions damped out, a procedure which appears valid as long as one avoids levels 
of significant hypotension where transmission involves gross damping of the 
central pulse contour. The actual reflected components determined in this 
monnpr for dogs 13 and 22 are shown in figure 7. The solid lines indicate the 
reflected components of the shock pulses and are to be compared with the 
dotted curves which are reflected components found in pulses at approximately 
the same pressure values during the hemorrhage period of these animals. This 
comparison reveals that the standing wave created by the reflected component 
in shock rises about as rapidly and at least as soon as that in simple hemor- 
rhagic hypotension, but the initial positive wave has a somewhat prolonged 
fall followed by a protracted, and excessively damped negative oscillation. 
This change in the contour of the reflected component can obviously ej^lain 
the distortion that has been observed in the contour of the femoral pulse itself. 

Discussion. Attempts to attribute the declining blood pressure in shock to 
an alteration in the properties of the vascular tree have not been very convinc- 
ing. Evaluations of the changes in total resistance to blood flow (23, 25) have 
failed to reveal any uniform evidence of a deficiency in the response of the 
vasomotor system. These results must be accepted with some reservations 
since they have referred the reastance in shock to the resistMice of the normal 
animal without adequate consideration of the ccmapensatory change in resistance 
that should be anticipated with a lowered blood pressure. A suggestion that 
there may be some deficiency in this compraisation (23) has been supported by 
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some unpublished observations of our own employing the stepwise hemorrhage 
teclmque. Some investigators have claimed that vasodilator substances appear 
in the Wood of shock dogs (18), but this finding still awaits adequate confirma- 
tion. Other authors have raised the question as to whether there may be some 
d^urbance in the autonomic regulators of the vasomotor system, since intense 
increases the mortality of dogs subjected to hemorrhage 
(14). However, careful investigations of the blood flow to specific organs have 
failed to imcover any evidence of vasomotor failure in the spleen (13), kidney 
(16), or hind leg (4). These observations indicate that even though the course 
of shock may be influenced by the activities of the autonomic vasomotor regu- 



Iig. 7 . Standing waves produced by the sununated reflections in shock (solid lines) 
compared with the standing waves produced by the sununated reflections at equivalent 
pressures during simple hemorrhage. Determined by direct co-ordirectographic subtraction 
01 the transmitted pulse from the lateral femoral pressure pulse. 

lators, the circulatory collapse cannot be explained as a generalized failure of 
this system. 

TWs does not exclude the possibiUty that shock inducing procedures may 
precipitate a generalized vasomotor failure in specific instances. An example 
of this we believe to be represented by dog 5. The data in table 1 indicate 
that 58 minutes after reinfusion dog 5 was maintaining a pressure of 85 mm. Hg 
a,nd exhibiting a reasonably typical shock pulse with an abbreviated anacrotic 
limb and a slightly prolonged catacrotic limb. Eight minutes later respiration 
suddenly failed even though blood pressure was still slightly over the 80 mm. 
mark. Although artificial respiration was immediately instituted blood pres- 
sure fell rapidly and death occurred 24 minutes later. This type of death could 
be accounted for by a sudden failure of the cerebral mechanisms governing 
respiratory and cardiovascular function, presumably due to injury incurred by 
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these centers during the hypotensive period. The bizarre femoral pulse contour 
for d(« 5 show in figure 6 was obtained shortly after artificial respiration had 
been well established. This pulse would obviously be classified as type III 
(fig. 2), the type which was predicted to occur in instances where there was a 
loss of normal tone of the central arterial vessels. That such a loss did occur 
in this instance was evidenced by an accompanying reduction in the rate of 
transmission of the pulse, which dropped from a rate significantly faster than 
the calibrated value to a rate considerably slower. The association of femoral 
pulse contours of this type with generalized vasodilatation has previously been 
demonstrated in the vasodilator response to acetylcholine (8, fig. 3-D) and to 
nitroglycerine (15, fig. 3-A). Similar changes in pulse contour with a slowed 
transmission rate of the pulse were observed in two instances of fulminant 
shock where there was also good grounds for suspecting vasomotor failure. 

Typically, however, the femoral pulse in shock does not correspond with 
this vasodilator type III nor is there a slowing of the rate of pulse transmission. 


+ 




ftCFLCCTCD FROM REFLECTED FROM SOMMATED REFLECTED WAVE 

CONSTRICTED BEDS DILATED BEDS 



Fig. 8. A possible schematic synthesis of the femoral pulse observed in shock 


This latter observation is of particular importance since dilatation of the aorta 
and central arteries has been suggested as a possible cause for the initiation of a 
decline in blood pressure in shock (21). A test of this possibility was attempted 
by Wiggers et al. (24) using the aortagraphic technique, but technical diflSculties 
forced them to abandon the investigation without obtaining conclusive results. 
This possibility is now excluded by the data for pulse transmission rate plotted 
in figure 4 and tabulated in table 1. Not only is there an absence of any sig- 
nificant slowing of these rates, but in most cases there is a definite tendency for 
the rate to accelerate during the period of circulatory failure to values in excess 
of these observed at equivalent levels of simple hemorrhagic hypotension. It 
is therefore clear that a process of dilatation of the aorta cannot be called upon to 
account for either the abncnmal pulse contours or the decline in blood pressure 
in the t 3 q)ical case of shock. 

Nevertheless, some explanation must be found for -the distention observed in 
the contour of the catacrotic limb of the femoral pulse in shock. As shown in 
figure 7, distortion is produced by an altered reflected component that 
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creates a standing wave combining a rapid initial rise followed by a highly 
damped low frequency oscillation. It must therefore relate to an abnormality 
somewhere in the arterial tree. Our present knowledge of the detailed dynamic 
characteristics of the arterial tree are not adequate to draw any very positive 
conclusions as to the significance of this form of wave. Yet from the stand- 
point of wave synthesis one can theoretically explain the genesis of such a wave 
as shown schematically in figure 8. The combination of a rapid oscillation 
with a slower oscillation may yield a summated standing wave in which a rapid 
rise is followed by a gradual fall relatively free of oscillations. The further 
summation of this standing wave with the transmitted wave yields the femoral 
pulse form indicated. Obviously, such a simplified treatment can hardly be 
expected to yield an accurate facsimile of the pulse form actually recorded in 
the dog, but this synthetic pulse does portray the basic characteristics of the 
shock pulses. 

This form of analysis leads to the hypothesis that in shock certain vascular 
beds are constricted so as to give rise to rapid reflections while other beds are 
dilated so as to produce slower reflected waves. More specifically, since the 
reflected component in the femoral pulse arises from beds below the thorax (9) 
and since this reflection has arrived back at the aorta at a time when the foot 
of the pulse wave has just started to enter the femoral bed, it follows that a 
major source of this reflection must reside in arterial beds lying somewhere 
below the diaphragm and above the legs, — that is, within the abdomen. Among 
the beds within this region rapid reflections are to be expected from the kidney 
and spleen which have already been shown to maintain good constrictor tone 
throughout the course of circulatory failure in hemorrhagic shock (16, 13). 
This leaves the intestine as the major abdominal structure whose vascular 
status might be able to account for the low' frequency portion of the reflected 
component in the femoral pulse in shock. 

It has long been recognized that one of the most characteristic findings in 
shock in the dog is a massive congestion of the intestine, particularly of the 
duodenum w'here secondary petechial hemorrhages are often found. Zweifacli 
et al. (26) have made microscopic observations of one portion of this bed during 
the course of hemorrhagic shock. They report the development of a hypo- 
reactive stage characterized by venous congestion, dilatation of the arterioles, 
and a depression of vasomotion and epinephrine sensitivity of the precapillary 
elements. As a consequence stagnation and pooling of blood was observed in 
the capillary bed. Analysis of the dynamics of the intestinal circulation in 
shock have led to similar conclusions. Wiggers, Opdyke, and Johnson (22) 
found a consistent elevation of portal pressure in shock, suggesting, a com- 
pensatory constriction of the hepatic bed without an equivalent constriction of 
the mesenteric bed. The implications of this finding w^ere extended by Selkurt 
and his associates (17) who demonstrated that the resistance to blood flow^ in 
the mesenteric circuit in shock did not show a compensatory increase to keep 
pace with the elevated hepatic resistance. Moreover they demonstrated that 
in an otherwise normal dog an elevation of portal pressure in itself produces a 
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dilatation of the mesenteric blood vessels. The inference that under such condi- 
tions there would be a pooling of blood in the intestinal blood vessels has been 
supported by the recovery of an abnormally high residual blood volume from 
the abdominal region of dogs dying in shock (5). There is good justification, 
therefore, for attributing the low frequency component in the summated re- 
flected wave of the femoral pulse in shock to a local failure to maintain com- 
pensatory constrictor tone in the intestine. The reflections from this dilated 
bed when summated with reflections from other beds in which there is no failure 
to maintain constrictor tone can account for the observed distortion in the 
form of the catacrotic limb of the femoral pulse in shock. 

Acl&i^wUdgment. This study constitutes one of a large series of investiga- 
tions into the shock problem under the directioA of Dr. Carl J. Wiggers. The 
authors are greatly indebted to Doctor Wiggers for his many valuable sugges- 
tions as to the design of the experiments and the analysis of the data. 

SUMMARY 

1. By optically recording arterial pressure pulses in dogs during a stepwise 
hemorrhage, a period of maintained hypotension, and then during the period 
of circulatory failure following reinfusion of all withdrawn blood, it has been 
possible to compare the pulse tracings during the shock induced by this pro- 
cedure with tracings at equivalent pressures during simple hemorrhagic hypo- 
tension. 

2. The lateral pressure pulse in the femoral artery is assumed to represent 
the summation of a transmitted pulse with a reflected wave system, the form 
of the latter being dependent upon the elastic properties of the arterial tree. 
An initial sharpening of the peak of the femoral pulse and a relative augmenta- 
tion of femoral pulse pressure observed early in hemorrhage is related to a 
change in the reflected component due to elasticity changes produced by the 
compensatory vasoconstriction accompanying the hemorrhage. A secondary 
reduction in elastic tension is evidenced as further bleeding significantly reduces 
the volume of blood in the arteries and leads to their relaxation. 

3. By “calibrating’’ each animal for these changes in pulse form with a lowering 

of blood pressure, it has been possible quantitatively to assess the comparable 
changes in these details of pulse contour during the course of circulatory shock. 
On the basis of pulse transmission rates and the values for the duration of the 
anacrotic rise of the femoral pulse, it is concluded that there is no generalized 
failure of the compensatory vasoconstrictor mechanism to a lowered blood 
pressure; rather these values reflect an even greater compensatory response 
than during hemorrhage. In contrast, the catacrotic limb of the femoral pulse 
exhibits a marked prolongation in shock with a reduction in the dicrotic waves 
which does not conform with the type to be expected with a heightened con- 
strictor tone. , 

4. Since this change in pulse contour appears to be due to a change in the 
form the reflected component rathet than to a change in the transmitted 
component, it demands a reflected component which in simplest terms may be 
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conceived as the summation of a rapid component from constricted beds with 
a slow component reflected from dilated beds. It is suggested that a local 
failure of compensatory constrictor tone in the intestinal arterial bed can most 
logically account for this reflected component of low frequency which leads to 
the distortion of the normal femoral arterial pulse contour. 
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The work of the left ventricle is usually calculated as the sum of two compo- 
nents, one the work done against pressure and the other the work done in impart- 
ing velocity to the aortic stream. The work against pressure is PQ, where P is 
the pressure increase imparted to the blood by the heart, expressed in grams per 
square centimeter, and Q is the volume of blood ejected. The work done in 

accelerating the blood is where M is the mass of the blood, V its velocity in 
2g 

centimeter/secbnd, and g the gravity constant. 

The use of this formula has necessarily been subject to simplifying assumptions, 
it was recognized by Frank (1) that the terms P, Q and V should be integrated 
over the time of systole. This is possible for P, which can be determined from 
the central pressure pulse ; while Q and V — with some reservation can l>e taken 
from the cardiometer curve. This approach was applied by Straub (2) for PQ, 
and by Katz (3) for both terms. 

It is not expedient to carry out a laborious integration, and in many experi- 
ments, where the chest is closed and cardiometer tracings cannot be taken, such 
a construction is impossible. For this reason the calculation is usually made on 
the basis of simplifying assumptions. For instance, it is often held that the work 
done in imparting velocity to the issuing stream is but a negligible part of the 
total work, and can be neglected. That such an assumption is hazardous might 
be adduced from the large values for velocity work obtained by both Evans (4) 
and Katz (3) when the stroke volume became even moderately large. Both 
workers, however, measured velocities through rigid glass cannulae whose size 
was not related to that of the aorta during systole. The cross-sectional area of 
the aorta changes during a pulse beat, a factor which must influence strongly the 
ejection velocity. 

Simplifying assumptions have also been made in calculating the work done 
against pressure. Some have assumed that it is adequate to calculate this quan- 
tity by multiplying the mean arterial pressure by the stroke volume. Others 
make the quantitation somewhat more accurate by multiplying the mean pres- 
sure during systole by the stroke volume. 

We have recently published a method (5) by which, in the dog, the course of 
ventricular ejection can be derived from the pressure pulse contour. The method 
can be applied in the absence of major surgical procedures with the animal 
essentially normal. By this method pressure flow and aortic blood velocity can 
be determined at 10 msec, intervals. Summation of the calculated work figures 

This work was supported by a grant from the Life Insurance' Medical Research Fund. 
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for these intervals gives results not appreciably different from the results of 
graphic integration. 

It is our purpose to evaluate the errors resulting from the use of the simpler 
methods of calculating the work of the ventricle by comparing such results with 
those got by summation. 

1. The method of calculating the work of the left ventricle. In order to calculate 
the velocity obtaining from instant to instant m the aorta, the relation between 
pressure and cross sectional area of the ascending aorta must be known. Such 
a relation is plotted in figure 1 from measurements previously made (5, 0). A 


I 

i, 

I 



SECONDS 


Fig. 2 


lig. 1. Plot of the distensibility of the ascending aorta and of the pulmonary artery. 
Fig. 2. The analysis of cardiac work; A, systolic portion of aortic pressure pulse; B, 
ejection curve derived from A; C, aortic velocity during systole ; D, work done in accelerat- 
ing blood during systole; E, work done against pressure during systole; and F, relation be- 
tween kinetic and total work. 



representative normal pressure pulse was then selected and plotted (fig. 2A). 
From this was derived an ejection curve (fig. 2B) as described elsewhere (5). 
The velocity curve was then plotted (fig. 2C) at 10 msec, intervals from values 
obtained by dividing the flow in cubic centimeter/second, by the cross-sectional 
area of the ascending aorta at the pressure obtaining. From these velocity 
figures a curve representing the distribution of the kinetic work during systole 

was derived (fig. 2D), by the formula 

2g 

The next step was to evaluate the work done against pressure by multiplying 
the volume of blood ejected during each successive 10 msec, interval by the 
existing pressure. The figures are plotted in figure 2E. The percentage of total 
work represented by kinetic work is plotted in figure 2F. It varies from 0 to 2.7 
per cent, with a mean at 1.2 per cent. 

2. The relation of kinetic to total work. The kinetic fraction varies roughly with 
the stroke volume and inversely with the diastolic pressure. This last is because 
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the greater the pressure the wider the aorta and the less the velocity attained 
during a given ejection. To illustrate the influence of these two factors, we have 
selected from a large series of dog pulses, those in which the stroke volumes were 
relatively large, and in which the velocities might also be expected to be large. 
The first five of these (table 1) are from dogs under morphine sedation, with slow 
heart rates and large pulse pressures; pulses 6 and 7 are from the response of an 
animal to an intravenous injection of isopropyl epineph^ine^ an active vasodila- 
tor and cardiac stimulant (7). Pulses 8, 9, 10 and 11 were taken immediately 


TABLE 1 

The determination of left ventricle work for a series of dog arterial pulses 


f PULSE 

Pd 

Ps 

Pms 

Pms-Pd 

Pmc 

Pms 

Pmc 

sv 

Work, gm. M. 

i/j 

Kinetic work/total 
work 

Pp 

Sum- 

mated 

Pms 

xsv 

Maxi- 

mum 

Mean 

a 

b 

<i 

d 

e 

f 

S 

h 

i 

j 

k 

1 

m 

1 

112 

142 

138 

0.87 

126 

1.10 

10.8 

19.9 

20.2 

0.99 

0.014 

0.009 

2 

100 

150 

143 

0.86 

127 

1.13 

18.6 

35.7 

36.0 

0.99 

0.023 

0.012 

3 

90 

150 

138 

0.80 . 

118 

1.17 

25.2 

49.0 

47.1 

1.04 

0.027 

0.012 

4 

70 

120 

107 

0.75 

99 

1.08 

16.4 

23.8 

23.7 

1.00 

0.030 

0.018 

5 

63 

105 

93 

0.72 

77 

1.21 

17.9 

23.6 

22.5 

1.05 

0.050 

0.035 

6 

84 

160 

137 

0.70 

112 

1.22 

24.8 

50.4 

45.9 

1.10 

0.105 

0.065 

7 

52 

105 

92 

0.76 

72 

1.28 

37.0 

36.8 

32.7 

1.12 

0.084 

0.037 

8 

70 

144 

132 

0.84 

118 

1.12 

37.0 

67.2 

66.0 

1.02 

0.062 

0.034 

9 

100 

190 

171 

0.79 

133 

1.29 

21.2 

47.8 

48.9 

0.98 

0.034 

0.020 

10 

35 

78 

74 

0.91 

57 

1.30 

23.0 

19.5 

19.3 

1.01 

0.060 

0.029 

11 

34 

88 

72 

0.70 

56 

1.28 

24.6 

26.0 

23.9 

1.09 

0.095 

0.065 

12 

28 

70 

47 

0.45 

33 

1.42 

18.9 

12.9 

12.0 

1.07 

0.105 

0.056 

13 

20 

58 

39 

0.50 

27 

1.44 

14.2 

9.0 

7.5 

1.20 

0.092 

0.058 

14 

16 

50 

31 

0.44 

22 

1.41 

11.9 

6.5 

5.0 

1.30 

0.080 

0.057 


b-Diastolic pressure, mm. Hg. 
c-Systolic pressure, mm. Hg. 
d~Mean systolic pressure, mm. Hg. 

e-Mean systolic pressure — diastolic pressure/pulse pressure. 
f-Mean pressure over cycle, mm. Hg. 
h-Stroke volume, cc. 

after the openipg of a shunt connecting the abdominal aorta with the vena cava, 
when the peripheral lesistance was suddenly reduced to a very low value. Pulse 
9, with its liigher pressure values, represents the first beat following opening of 
the shunt in an animal whose blood pressure had been increased by an intrave- 
nous injection of epinephrine. Pulses 12, 13 and 14 are successive pulses taken 
immediately after transection of the abdominal aorta. 

In some cases, the velocity work reaches a momentary maximum of 10.5 per 
cent of the total work being done simultaneously (col. 1). Since this rate of 
kinetic work is not maintained, the total laaetic work represents a smaller frac- 
tion of the total over the whole of a cycle. In the 9 pulses selected specifically 

* Kmdly supplied by Frederick Stearns and Company. 
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to represent very large stroke volumes and low pressure values, the mean kinetic 
work ranges from 2 to 6.5 {>er cent of the total. In the five normal pulses, with 
their more physiological pressure values, this value varies from 0.9 to 3.5 per cent. 

Hence it can safely be concluded that the work done in accelerating the blood 
is negligible as compared to the work done against pressure. From this it follow^s 
that the height of the ventricular pressure curve can be but little greater than that 
of the systolic portion of the aortic pressure curve. Gregg el at. (8) were therefore 
justified in taking Hamilton et al. (9) to task for interpreting an apparent large 
excess in ventricular pressure as measuring velocity potentials in the aorta. 

It has been stated recently by Ralston and Taylor (10) that since the flow 
through the aorta is streamline, calculations of the kinetic work of the heart 
should take cognizance of a parabolic velocity distribution across the diameter of 
the aorta. These authors then rederived the formula commonly ascribed (11) 
to Hagenbach, published in 1860, which states that the energy requireircnt for 
the establishment of a parabolic distribution of velocity is twice that required to 
accelerate flow to a uniform velocity. Hence, Ralston and Taylor conclude that 

the kinetic work of the heart should be derived from rather than the 

g 2g 

of the Berroulli Theorem. 

This revision of the classical formulation would be permissible if streamline 
flow— evidence for which seems to be acceptable— rshould establish the fact that 
at the throat of a channel the velocities have already assumed a parabolic distri- 
bution. No evidence for an instantaneous establishment of a truly parabolic 
velocity pattern is adduced, and in fact there seems to l>e general agreement (11) 
among students of hydrodynamics that a parabolic velocity distribution is at- 
tained only after fluid has passed a long way down the tube (transitional flow). 
At the issuing throat, the influence of boundary retardation upon the mean 
velocity is insignificantly small so that the most of the issuing stream occupies a 
main central core which advances at nearly the average velocity. Corroboration 
of this view can be had by studying the movement of contrast medium out the 
aorta of the fetal goat ((12), plate IV). The aorta is outlined to its whole width 
as soon as it is outlined at all. There is no central core of high velocity. On this 
basis there seems to be no justification for revising the classical formulation. 

3. Work done by the ventricle against pressures. The calculation of the work 
done in ejecting blood against arterial pressure, as determined by summation of 
values at each 10 msec, interval during systole, was given in figure 2E. Values 
were calculated similarly for each of the pulses given in table 1 (column i). The 
products of the mean pressure during systole (column d) and the stroke volume 
(column h)y are also given (column j). 

The use of average pressures usually gives smaller values than the use of sum- 
mated figures for two reasons. The first relates to the fact that when ejection 
is most rapid, pressure is often relatively high. Unfortunately, the simpler 
calculations from mean systolic pressures and flows bear no constant relation to 
the more accurate result of summation at small intervals. (Without laboriously 
constructing an ejection curve it is not possible to evaluate this error.) On the 
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other hand, in all pulses save the last two, taken from an animal bleeding freely 
through a cut aorta, the difference is within 12 per cent (column k). It has been 
our practice, therefore, to compute ventricle work from average pressure values, 
neglecting the error that may be implicit in this procedure. 

The second source of error relates to the fact that the systolic contour is vari- 
able and there is no simple way of evaluating mean systolic pressure. In some 
cases the pressure rises nearly vertically at the beginning of systole and the mean 
systolic pressure is only a little below peak level. In other cases it rises so gradu- 
ally that the mean pressure is about half way between systolic and diastolic . F or 
this reason the mean systolic pressure can only be measured from an accurate 
central pressure contour. The figures in columns d and e give the increment of 
pressure from diastolic to mean pressure in relation to the total pulse pressure. 
When the systolic contour is nearly square the figure is high (0.9), when it is 
triangular it is low (0.5), and in some cases when there is a narrow systolic peak 
the fraction is .actually less than this. 

4. The work of the right heart. The work of the right heart differs from that of 
the left heart in that it is against the much lower pressure of the pulmonary ar- 
tery. It is often assumed, with Evans (4), that the pulmonary pressure is J 
of the systemic pressure and the the pressure work of the two ventricles can be 
calculated by i PQ, where P is mean systemic pressure during systole and Q is 
volume ejected during systole. 

The relation between systemic and pulmonary pressures is not constant (13). 
Agents which reduce the systemic peripheral resistance lower the systemic ar- 
terial pressure, while by increasing the blood flow they may actually rarae the 
pulmonary pressure. Inspiration, moreover, increases pulmonary flow and pres- 
sure while it may even decrease the systemic flow. A strict calculation of the 
total cardiac work would therefore entail a measurement of pulmonary pressure 
and flow. 

It is also said that the velocities attained in the pulmonary artery and aorta 
are the same. This is based on the fact that the post mortem diameters of the 
two vessels are similar. The distensibilities of the two vessels are very different, 
however, and if the pressures in either depart much from resting normal values 
their diameters will diverge and the velocities in aorta and pulmonary artery 
will be different (see fig. 1). It should be emphasized, therefore, that the use 
of i to correct left ventricle work to cardiac work is only a rough approximation. 

5. Relation of cardiac work to the work done at the periphery. The peripheral 
resistance represents a force against which the energy of the blood at the periph- 
ery works. Except for minimal potential pressure energy remaining in the 
venous blood which returns to the heart, all of the pressure energy of the blood 
in the ^ripheral arteries is dissipated in friction. The work done in the periph- 
ery by the force of the blood is the product of pressure and flow in appropriate 
units. The figure is 3 to 5 per cent higher if the calculation is made as the sum- 
mation of the products of pressure and flowat short -(10 msec.) intervals than it 
is if mean pressures and flows are used in the calculation. The difference in- 
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creases with increase in pulse pressure. The above calculation is based on the 
assumption that pressure and peripheral flow are proportional. The discrepancy 
would be greater if we were to accept the evidence of Green et al. (14) that flow 
is proportional to a power of pressure. 

The work done at the periphery is decidedly less than that done by the heart. 
In calculating the work done by the heart it is necessary to multiply the pressures 
during systole by the volume ejected against these pressures. In calculating the 
peripheral work the same total volume is multiplied by the pressures obtaining 
over the whole cycle. If mean flows and pressures are used, the calculated work 
done by the heart exceeds that done at the periphery in proportion as mean 
systolic pressure exceeds mean cycle pressure (column g). If the calculation is 
made by summation at small intervals, the discrepancy is somewhat, though not 
greatly, increased. 

From the viewpoint of efficient function as a high pressure reservoir, the fact 
that the arterial bed is composed of long tubes, which are filled only after the 
lapse of a transmission time, represents a serious disadvantage. During early 
systole, blood accumulates in the upper aorta, increasing the pressure against 
which the heart works. Later in the cycle this blood distributes itself throughout 
the aorta by surging up and down in a series of highly damped oscillations which 
produce the standing waves (15). The puzzling thing is that mean pressure over 
the whole cycle is the same at both ends of the aorta (15), yet the heart does 10 
to 40 per cent more work than is done at the periphery. 

What becomes of the energy that is measured by the difference between cardiac 
and peripheral work? It is not lost by friction due to the net forward movement 
of the blood in the great arteries toward the periphery. If it were, the peripheral 
mean pressure would be less than that at the root of the aorta, which is not the 
case. It is suggested, therefore, that it is due to the same forces which cause the 
damping of the standing wave. The excess ventricular work results in an un- 
balance of pressure in the two ends of the aorta which is equalized as soon as the 
standing waves die out. During this time from 10 to 40 per cent of the energy 
of ejection has been dissipated. The manner in which this energy has been de- 
graded can only be speculated about. Viscous resistance to stretch on the part 
of the arterial walls and surrounding tissues, incomplete reflection of the pulse 
wave at the terminal arteries, and viscosity of the blood, as well as other factors, 
are to be considered. That there should be such a large energy waste in trans- 
ferring blood from the heart to the periphery is, to us, a rather startling concept. 

Summary. The following were computed from central pressure pulses typical 
of a wide variety of conditions, and from arterial distensibility measurements: 

a. The curve of cardiac ejection. 

b. The change in aortic cross-section during systole. 

c. The velocity curve during systole (a/b). 


MV2 

d. The curve of kinetic work during systole (using c in — — ). 

2g 

e. The variations in pressure work during systole (a times pressure in aorta). 
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CONCLUSIONS 

The kinetic work is of the order of 2 per cent of the total work except when 
the stroke volume is abnormally large and the diastolic pressure is abnormally 
low. 

The pressure work is underestimated by 0 to 12 per cent by multiplying the 
total ejection by the mean pressure during systole. 

The work done by the heart in raising the pressure of the blood is 10 to 40 
per cent more, than that done at the periphery in forcing blood through the 
peripheral resistance. Energy in this amount is lost as the aortic standing wave 
is damped out. 
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Rocently two indiioct methods lor measuring blood flow through the liver have 
been proposed (1, 3, 4). The “urea method’’ of Crandall depends upon the fact 
that this substance is manufactured solely in the liver and that it is not further 
metabolized but completely excreted in the urine. Therefore, the amount of 
urea excreted divided by the arterio-venoi^g difference across the liver X 100 is 
equal to the blood flow through ihat orga«r '"The bromsulphalein (BSP) method 
of Bradley, Inglefin: vr and associates depends upon the supposition that this 
substance is excreted* ^Rlely via the liver and that none of the injected BSP is 
abstracted from the blood by organs outside of the portal circulation. 

Before applying this latter method, to obtain liver blood flow in dogs, we set 
out to test the assumption of exclusive hepatic disposal of BSP by following the 
disappearance of this dye in the presence and absence of the liver and portal 
organs. 

Methods. Three types of experiments were executed. 

1. Attempts were made to recover quantitatively BSP in the bile during the 
course of constant intravenous injections of the dye’. Prior to starting the con- 
stant infusion, a priming dose of BSP was given. The cystic duct was ligated 
and the common bile duct cannulated just before the experiment. 

2. The disappearance from the blood of a single injection of BSP was followed 
in intact dogs, eviscerated-hepatectomized dogs, and in eviscerated-hepatec- 
tomized-nephrectomized dogs. BSP disappearance was studied in the same ani- 
mals before and after evisceration. 

3. Serial BSP levels were determined in intact dogs and subsequently eviscer- 
ated-hepatectomized dogs during a constant intravenous infusion of the dye. 
In the intact state, a priming dose was given to the animal before starting the 
constant injection; no priming dose was given to the eviscerated preparation. 

BSP determinations were performed as outlined by Bradley (1) on the Evelyn 
Photocolorimeter. Evisceration-hepatectomy was performed by the one-stage 
procedure of Markowitz et al. (5). 

Results. A. Recovery of bromsulphalein in the bile in dogs receiving a cm- 
slant intravenous injection of the dye. The data in table 1 show that only 
between 23 and 79 per cent of a constant intravenous infusion of the dye could be 

1 5^®®® departments are in part supported by the Michael Reese Research Foundation. 
We are indebted to Hynson, Westcott and Dunning for the BSP used in these exoeri- 

ments. 
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recovered in the bile during the injection period. In any particular time period 
there was no simple relationship between the amount of BbP injected and the 
amount excreted in the bile. Increasing the rate of injection by 65 to 100 per 
cent led only to an increase of from 15 to 30 per cent in biliary excretion. The 
variations in plasma level either were negligible or so small that they could not 
account for the BSP which was not excreted. 

B. Removal of bromsulphalein from the blood after a singU intrcwenous in- 
jection in intact and eviscerated-hepatectomized animals. Intact animals re- 
moved BSP from blood rapidly during the first five minutes after a single 
intravenous injection. After this initial period the blood was cleared of the 

TABLE 1 

Biliary excretion of a constant intravenous injection of BSP in dogs with cannulated bile ductg 


DOG 

WEIGHT 

PRIinNG DOSE 

OF BSP* 

TIME 

INTERVALS 

BSP 

INJECTED 

BSP 

IN BILE 

PER CENT BSP 
EXCRETED IN BILE 

SERUM 

BSP 


kilo 

mgtn. 

minutes 

mgm. 

mgm. 


mgm. % 

A 

8.0 

25 

0-30 

23.5 

15.4 

65 

0.85 




30-60 

23.4 

14.6 

61 

0.95 




60-90 

23.4 

13.1 

56 

1.05 




90-110 

15.6 

12.3 

79 

1.05 

B 

14.0 

37 

0-30 

34.2 

17.4 

51 

1.3 




30-60 

34.2 

19.5 

57 

1.75 




60-90 

52.8 

23.8 

45 

2.45 

C 

20.0 

50 

0-30 

32.1 

13.8 

43 

0.7 




30-60 

32.1 

11.7 

36 

0.8 




60-90 

64.2 

14.7 

23 

0.84 


51.6 ± 16.6 



* The constant intravenous injection was started immediately after the priming dose and 
the collection of bile began 30 minutes thereafter. 


dye at a slower but fairly constant rate. Following evisceratmn and hepatec- 
tomy, whether extremely high or low blood levels were obtained initially, 50 
per cent of the dye disappeared from the blood within 50 minutes after mixing 
had occurred' (fig. 1).- After the first 10 minutes the eviscerate preparation 
removed the dye at a more rapid rate than did the intact animal. The dye 
was not lost in the urine since it was cleared from plasma m eviscerated- 
hepatectomized-nephrectomized animals at a rate similar to the eviscerated- 
hepatectomized preparations. 

C. Effect of constant intravenous injections of BSP upon serum, levels of dogs 
before and after evisceration and hepatectomy. Following evisceration and 
hepatectomy, 0.7 mgm./minute of the dye was injected and after an initial 
increase, the serum BSP level became stabilized despite the contmuous inflow 
of the dye (table 2). During this stabilization period, therefore, the peripheral 
tissues took up or destroyed an amount of dye equal to the amount injected. 
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i 

Broavalpbaltla 



Fig. 1. Rate of disappearance of BSP from the serum after a single intravenous injection. 
The varying absolute values were equated by designating the serum BSP level at one min- 


ute as 100 per cent. 

■ Intact. 

A Intact. 

# Intact. 

□ Eviscerated-hepatectomized 
A Eviscerated-hepatectomized 
O Eviscerated-hepatectomized-nephrectomized 
X Eviscerated-hepatectomized-nephrectomized 


Dose 50 mgm. One minute serum 
level =* 4.25 mgm.% 

Dose 150 mgm. One minute serum 
level =« 9.2 mgm.% 

Dose 25 mgm. One minute serum 
level 4.05 mgm.% 

Dose 150 mgm. One minute serum 
level « 35.0 mgm.% 

Dose 25 mgm. One minute serum 
level = 6.46 mgm.% 

Dose 22 mgm. One minute serum 
level = 9.20 mgm.% 

Dose 25 mgm. One minuter serum 
level * 5.6 mgm.% 


Discussion. It is apparent from the data presented that, in the dog, extra- 
hepatic tissues are capable of removing injected BSP at a constant rate. How- 
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ever, there is no evidence to indicate that this fraction is a constant amount of 
that injected. The fate of thb portion of the BSP is unknown. For the pur- 
poses of our discussion it is immaterial whether it is destroyed in these tissues or 
IS stored in them. It is evident that, whatever the fate, one cannpt estimate 
blood flow through the liver by assuming that the amount of BSP injected is 
removed only by the portal organs during the period of the test. 

A review of the literature reveals no experiments comparable to ours with the 
exception of the work of Cantarow (2, 6) who attempted to recover intravenously 


TABLE 2 

The effect of a eonetant irUravenout injection of bromaulpkalein on the serum BSP 
level in intact and eviscerated-hepatectomized dogs 


WEIGHT 

CONDITION 

TIME 

BSP INJECTED 

seeumBSP 

kilo 


0 

25 mgm. followed by 2.5 

fngm. % 


Intact 

20 

mgm./min. for 50 min. 

0.75 


36 


0.40 

11.5 


50 


0.35 


0 

0.7 mgm./min. for 65 min. 



Eviscerated- 

20 


1.3 


hepatectomized 

35 


1.9 



50 


1.8 



65 


1.6 



0 

25 mgm. followed by 2.4 



Intact 

20 

mgm./min. for 66 min. 

1.65 


40 


0.95 

10.0 


65 


0.75 



0 

0.34 mgm./min. for 30 min. 



Eviscerated- 

15 

0.68 mgm./min. for 30 min. 

1.75 


hepatectomized 

30 


2.65 



46 


3.5 



60 


3.5 


injected BSP in the bile of patients with duodenal intubation and dogs with 
biliary fistulae. He was able to account for between 27 and 100 per cent of the 
amount of dye injected, his average recovery being 61 per cent. Our recovery 
experiments in biliary fistula dogs average 31 to 66 per cent (table 1). 

SUMMARY AND CONCLUSION 

1. Thiity-one to 65 per cent of intravenously injected bromsulphalein was 
recove;fed in the bile of biliary fistula dogs. 

2. In the absence of the liver, the gastro-intestinal tract, and the kidneys, 
injected BSP was removed at constant rates from the blood stream. It can be 
calculated that the peripheral tissues of the dog are capable of removing BSP 
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25 to 30 per cent as rapidly as can the intact animal possessing a liver and other 
portal organs. 

3. It is apparent, therefore, that, at least in the dog, the rate of removal of 
injected BSP cannot be u^d as an index of blood flow through the liver since 
this organ is not the sole site of removal of BSP from the blood. 
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Previous investigators have concluded that sympathetic activity produces 
active vasodilatation (4, 6, 8, 10) and active vasoconstriction (6). The possi- 
bility that sweat gland activity might cause vasodilatation has also been in- 
vestigated, but no such relationship has been demonstrated (4). However, 
it has been reported that indirect^ vasodilatation or vasoconstriction may 
occur in an extremity when other body segments are heated or cooled (7, 8, 
10, 11). Occlusion of the venous return from such heated segments usually 
prevents the occurrence of this indirect vasodilatation, probably eliminating 
heat receptors and a nervous reflex as mediators (7, 10, 11). However, Picker- 
ing reported that venous occlusion of a cooled extremity does not prevent 
transient indirect vasoconstriction (12). 

Because the phenomenon of vasoconstriction appears in sympathectomized 
limbs, adrenaline has been postulated as a mediator (6). Stomach irrigations 
with cool water have‘*also produced indirect vasoconstriction (9, 12). These 
previous studies indicate that average blood temperature (the true deep body 
temperature) probably affects peripheral vascular flow (9, 12,^15). 

In one of the initial studies, Roy and Brown, working with frogs, stated that 
peripheral blood flow is dependent upon local tissue temperature and concen- 
tration of tissue metabolites (14). Freeman concurred with this hypothesis, 
but only for sympathectomized extremities; in normally innervated hands, he 
found that the blood flow is modified reflexly in accordance with the need of 
the body as a whole for dispersion or for conservation of heat (6). Pickering, 
working with human beings, reported that central control is concerned with 
protection against cold or excessive heat (12). 

Although these studies indicate that average blood temperature probably 
affects peripheral vascular flow and that central control protects the body as 
a whole against cold or excessive heat, the nature of local control has not been 
clearly defined. Freeman initiated a different approach to this problem. He 
studied, at one ambient temperature (approximately 24®C.), the effect in one 
hand when the other was warmed and observed increases in blood flow and 

‘ In this paper, ‘indirect denotes activity which is remote from the site of stimulation; 
‘‘direct** denote* activity at the site of stimulation; “central control** denotes mediation 
by the central nervous system; “local control** denotes mediation by a simple axone reflex, 
by alterations in the concentration of tissue metabolite's^lt the site of stimulation, or by 
alteration in the tissue temperature. 
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skin temperature of the unheated hand. To investigate this problem more 
fully, direct and indirect vasodilatation in response to local heating have been 
studied at ambient temperatures ranging from 16.4° to 30.2°C. The results 
obtained are presented in this paper. 

Methods. Measurements of blood flows and skin temperatures of the hands 
were collected on two healthy, white, adult male subjects (table 1). All studies 
were conducted in a constant temperature room with closed circuit ventilation 
and a turbulent air velocity of approximately 3 mph. The room temperatures 
ranged from 16.4° to 30.2°C., and remained steady during any experimental 
day within 0.2°C. The relative humidity was uncontrolled and varied 
from 37 to 65 per cent, with the higher humidities occurring at the lower tem- 
peratures. Within the temperature range studied, such humidity changes 
were not considered significant (13, 17, 18). 


TABLE 1 

Phytical eharacteriaticB of subjects 


SUBJECT 

AGE 

HEIGHT 

WEIGHT 

HAND 

LEG 

Surface area 

j Volume 

Surface area 

1 Volume 

Left 

Right 

Left 

Right 

Left 

Right 

Left 

Right 

C. C. 

yr. 

34 

1.75 

kgm. 

81.65 

0.047 (2.4%)* 

0.049 (2.5%) 

ec. 

499 

cc. 

502 

w.* 

0.155 (7.8%) 

m ^ 

0.150 f7.6%) 

cc. 

2740 

cc. 

2680 

J. S. 

22 

1.87 

81.65 

0.048 (2.3%) 

0.047 (2.3%) 

475 

472 

0.136 (6.6%) 

0.142 (6.9%) 

3580 

3580 


• Percentages of total surface areas, obtained from Dubois standards, are enclosed in parentheses. 


In the procedure, similar to that previously reported (5), two plethysmocal- 
orimeters were used as air plethysmographs (fig. 1). A heating coil in the air 
inlet of one plethysmocalorimeter (left) permitted alterations of the incoming 
air temperatures. Air flow through the apparatus, maintained at an average 
value of 600 l./hr., produced an air flow of approximately 1 mph. about the 
hand. 

Hand skin temperatures were measured by two sets (one on each hand) of 
10 no. 30 B. & S. copper-constantan thermocouples, connected in parallel so 
that one temperature reading represented an average value for one hand. 

Because the recorded skin temperatures did not necessarily indicate the 
thermal state within the hand, a needle thermocouple was also used in two 
experiments. This thermocouple, constructed of no. 40 B. & S. copper and 
constantan wires insulated with varnish, was inserted in a no. 25 hypodermic 
needle with the junction fixed at the tip. The instrument was calibrated at 
various needle depths and with various temperature differentials between tip 
and base. 

Rectal temperatures were not recorded because previous work at this labo- 
ratory demonstrated that they did not necessarily represent the true state of 
heat balance within the body (5). Other investigators have confirmed this 
finding (3, 16). 
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Both subjects wore light cotton undershirts, light cotton shorts, and herring- 
bone twill fatigue trousers. Light woolen socks and standard service shoes 
were worn except during periods of immersion in the water bath. 

On the day of an experiment, the subject entered the test chamber at 8:30 
a.m. and remained at rest two to three hours. At the conclusion of this con- 
ditioning period, thermocouples were attached in a manner previously reported 
(5) and the hands placed in the two plethysmocalorimeters. Skin temperatures 
were measured until a steady state had been attained, i.e., until the average 
hand skin temperature remained unchanged within ± 0.1®C. for no less than 
thirty minutes and usually for one hour. As soon as a steady state had been 


INLET 


HAND PLETHYSMOCALORIMETERS 
FIG. I 

attained, blood flow records were obtained using the venous occlusion method 
with a modified Brodie bellows (5). A series of at least seven flows was ob- 
tained on each hand and the average used. Flows were usually obtained on 
the left (heated) hand first, since no significant differences were observed when 
the right (unheated) hand was occluded first. With both hands unheated and 
with essentially the same skin temperatures, control blood flows were obtained 
on both hands at room temperatures ranging from 16.4® to .30.2®C'. Within 
this range and at specified temperatures, additional blood flows were collected 
while the left hand was heated to skin tempera!, ures varying from 24.8® to 43.1®C. 

To determine whether uniform heating of the left hand occurred, an addi- 
tional experiment was conducted. At the colder ambient temperatures, the 
left hand was heated to a skin temperature of 05.8® to„36.2®C. After blood 
flow measurements and removal of the hand from the plethysmocalorimeter, 
the needle thermocouple was inserted into the dorsum of the heated hand, 
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centrally between the first and second metacarpals. At the conclusion of the 
period required for the temperature of the needle to attain equilibrium (approx- 
imately 2 min.), three tissue temperatures were obtained at three depths in 
the heated hand. The same procedure was employed to obtain three deep 
tissue temperatures in the unheated hand. Since these values represented 
the greatest temperature differentials between the heated hand and the am- 
bient temperature, no other needle thermocouple studies were conducted. 

TABLE 2 


Harid skin temperatures and blood flows determined while heated and unheated hands were 
exposed to various ambient temperatures 
Subject: C.C. 




HEATED (left) HAND I 

1 UNHEATED (RIGHT) HAND 

AllBlENT 

RELATIVE 





TEMPEHATURE 

HUMIDITY 

Skin temperature 

Blood flow 

Skin temperature 

Blood flow 

“C. 

Per cent 

• c . 

cc.flOO cc. 
tissue/min. 

“C. 

cc.llOO cc. 
tissue/min. 

17.9* 

57 

17.9 

0.4 

18.0 

0.4 

16.6 

65 

26.9 

0.4 

17.7 

0.2 

16.6 

63 

31.9 

0.5 

17.6 

0.4 

16.6 

46 

40.8 

2.0 

17.5 

0.7 

21.2 

58 

21.7 

0.3 

22.2 

0.7 

22.5 

flO 

29.0 

1.5 

28.4 

1.3 

H 4 

47 

31.1 

4 -t 

30.4 

2.8 

24.1 

44 

34.6 

5.7 

30.1 

5.1 

24.3 

46 

37.7 

9.3 

30.4 

3.8 

24.3 

46 

42,1 

9.6 

30.9 

5.7 

29.6 

50 

35.5 

16.6 

36.8 

17.0 

30.2 

37 

36. 

20.9 

36.3 

19.5 

29.7 

40 

37.7 

19.4 

35.7 

20.0 

29.9 

40 

40.3 

23.5 

36.0 

19.7 

29.9 

37 

40.4 

21.6 

36.0 

19.3 


* Control values, obtained with both hands unheated, are italicised. 


In an effort to quantify the amount of heat required to produce an indirect 
effect on skin temperature and blood flow, the legs were heated during studies 
in the coldest ambient temperature. To obtain control values, blood flow 
records were collected on one hand when the hand skin temperatures reached 
a '‘steady state’'. Thereafter, either one or both legs were immersed in a water 
bath to a depth of 39 cm. The temperature of this bath, regulated by a ther- 
mostat within ± O.l’^C., was, in different experiments, maintained at levels of 
38°C., 40°C., and 42°C. During immersion, hand skin temperatures were 
recorded at 5-minute intervals and blood flow measurements at 20-minute 
intervals. 
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Results and discussion. Since ambient temperatures produce great 
(‘ffects upon skin temperature and peripheral blood flow, the results observed 
at each ambient temperature (tables 2, 3, and figs. 2-7) are discussed separately. 
Previous investigators, experimenting with frogs, stated that local blood 

TABLE 3 

Hand skin temperatures and blood flows determined while heated and unheated hands were 
exposed to various ambient temperatures 


Subject: J.S. 



KELATIVB 

HEATED (left) HAND I 

UNHEATSD (EIGHT) HAND 

ambient 





TEMPER ATUBE 

HITMIDITY 

Skin temperature 

Blood flow 

, 

Skin temperature 

Blood flow 

“C. 

Per cent 

“C. 

cc.JlOO ec. 
tissue/min. 

•c. 

cc.llOO cc. 
tissue/min. 

17. B* 

62 

18.2 

0.3 

18.4 

0.4 

17.4 

62 

24.8 

0.3 

17.9 

0.3 

17.4 

54 

29.3 

0.4 

17.9 

0.2 

17.3 

57 

34.2 

0.5 

18.0 

0.3 

16.4 


41.6 

1.0 

18.0 

0.3 

17.3 

58 

42.1 

1.0 

18.5 

0.9 


60 

22.9 

0.7 

22.8 


22.5 


25.9 

0.9 

22.8 

0.8 

22.6 


26.6 

1.6 

23.9 

1.0 

22.6 


30.2 

1.2 

23.1 

0.5 

22.6 


35.5 

2.2 

23 .^ 

0.8 

22.6 

60 

41.6 

4.5 

22.6 

0.6 

22.3 

58 

41.9 

4.1 

23.7 

0.9 

23. 7 

66 

30.4 

2.6 

28.9 

2.7 

24.8 

48 

32,4 

7.9 

32.6 

6.0 

24.7 

50 

36.0 

10.2 

32.1 

8.1 

24.4 

50 

38.1 

10.2 

33.0 

10.1 

24.4 

48 

43.1 

10.4 

33.0 

10.3 

SO. 2 

36 

35.6 

16.6 

36.7 

17.2 

30.1 

42 

37.5 

18.5 

36.0 

16.5 

29.8 

35 

38.7 

18.2 

35.8 

17.2 

29.8 

33 

41.2 

20.5 

36.0 

16.5 


* Control values, obtained with both hands unheated, are italicised. 


flow control is mediated through the concentration of metabolites in the tissues 
and local tissue temperature (14). The present results obtained on human 
beings in an ambient temperature of 17°C., do not substantiate this conclusion. 
At such an ambient temperature, the blood flows of the unheated hands of 
both subjects remained unaltered, but in the heated hands of both subjects, 
a slight increase in blood flow appeared at the highest hand skin temperature. 
However, at this hand skin temperature, the blood flow was not commensurate 
with that usually observed at higher ambient temperatures. It is apparent 


I 
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that hand blood flow was almost completely independent of hand skin tem- 
perature at this ambient temperature. If concentration of metabolites and 
local tissue temperature had been important mediators, higher hand blood 
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flow values would have been expected. The results obtained at an ambient 
temperature of 17°C. are, therefore, more in accord with the findings of Abram- 
son and Ferris (1) and Freeman (6), who stated that blood flow in the intact 
hand is primarily dependent upon the over-all necessity for the dissipation or 
conservation of body heat. 

The tissue temperatures (tables 4, 5) recorded with the needle thermocouple 
reveal ample heating of the heated hand and ample cooling of the unheated 
hand. According to the results, the skin temperatures of the hand of subject 
C.C. did not equal those of subject B.F. This can be attributed to the fact 

TABLE 4 


Tiatue teniperaturea determined with needle thermocouple 
Ambient temperature : 16.0®C. 

Subject: C.C. 




HEATED BAND 
(Thickness: 3.9 cm.) 

UNHEATED HAND 

(Thickness: 3.4 cm.) 

Depth of insertion 
(cm.) 


2.4 

1.5 

0.6 

lull 

H 

B 

0.5 

Tissue temperature 
(°C.) 


34.0 

32.8 

28.9 





Skin temperature (®C.) . 

36. 2* 32.21 

25.8 

25.6 

25.2 

15.8* 15.8t 

15.8 

15.8 

15.8 

Time after needle in- 
sertion (min.) 


6 

8 



2 


4 

Blood flow (cc./lOO CO. 
tissue/min.) 

1.2 




0.9 





* Skin temperature obtained before determination of blood flow, hand in plethysmo- 
calorimeter. 

t Skin temperature obtained after determination of blood flow, hand in plethysmo- 
calorimeter. 

that greater cooling had occurred because of technical difficulties delaying the 
thermocouple readings on subject C.C. The values obtained, however, are 
consistent with th6se obtained by other investigators (2). 

The data collected during water-bath immersion studies (figs. 8-10), all at 
an ambient temperature of 17°C.y emphasize the amount of heat required to 
produce indirect vasodilatation. When both legs were immersed in water 
baths at a temperature of 42®C., increases in hand blood flow and skin tem- 
perature appeared, accompanied by a subjective sensation of warmth. The 
time required for this reaction varied; for subject J.S., the reaction began in 
twenty minutes; for subject C.C., it began in forty minutes. Moreover, the 
subject with the quicker response developed more severe subjective sensations. 
At the end of ^ minutes of immersion, he became uncomfortably warm and 
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perspired freely. The other subject merely lost his sensation of chilliness and 
perspired only slightly at the conclusion of a comparable period. 

With the immersion of only one leg in a water bath at 42°C., or with the 
immersion of both legs at either 40®C. or 38®C., no significant alteration in 
hand blood flow or skin temperatures occurred. However, there was a sensa- 
tion of warmth in the parts immersed and, occasionally, a general sensation of 
warmth. Figure 10 is representative of the lack of response observed in the 
above conditions. From these results, it can be concluded that a definite 

TABLE 5 

Tissue temperatures determined with needle thermocouple 
Ambient temperature: 18.0°C., 


Subject: B.F. 



HEATED HAND 

(Thickness: 3.5 cm.) 

UNHEATED HAND 
(Thickness: 3.5 cm.) 

^ Depth of insertion 
(cm.) 


2.4 

1.5 

0.4 


2.4 

1.5 

0.5 

Tissue temperature 
(°C.) 


36.2 

35.5 

32.8 


24.4 

23.0 

21.5 

Skin temperature (°C.)'. 

35.8* 36.4t 

30.3 

30.1 

29.2 

18.6* 21. Of 

20.0 

19.6 

19.8 

Time after needle in- 
sertion (min.) 


2 

3 

5 


2 

3 

5 

Blood flow (cc./lOO cc. 
tissue/min.) 

0.8 




0.2 





* Skin temperature obtained before deternunation of blood flow, hand in plethysmo- 
calorimeter. 


t Skin temperature obtained after determination of blood flow, hand in plethysmo- 
calorimeter, 

amount of heat must be applied to the legs to produce an increase in blood 
flow and skin temperature in the hand. 

Only one of the subjects was studied in an ambient temperature of 22°C. 
At this level, a blood flow greater than the control value appeared in the heated 
hand, but the blood flow in the unheated hand remained unchanged. 

At an ambient temperature of 24°C., the reactions in the unheated hands of 
both subjects were similar to those observed by Freeman (6). Not only was 
there an increase in blood flow, but also a slight increase in skin temperature. 
A possible explanation may be found in figure 7 where the hand skin tempera- 
ture is plotted against the room temperature for data in this paper and other 
data previously reported (5). According to the results in this figure, skin 
temperature approximates room temperature within the range of 15° to 21.5°C. 
From 21.5° to 25°C., a marked increase in skin temperature occura; it rises to 
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FIG. 8 
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Fl({. 9 



FIG. 10 

35®C. at a room temperature of 25®C. Above^a room' temperature of 25°C., 
the rate of increase in skin temperature decreases until at a room temperature 
of 38®C., skin temperature again approximates room temperature. These 
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three slopes correspond to the three physiological zones described by Winslow 
et al. (17, 18), although the temperature zones are lower and only apply to the 
hand. The present results indicate that the “zone of body cooling” for the 
hand lies below 21.5®C., the “zone of vasomotor control” lies between 21.5®C. 
and 25®C., and the “zone of evaporative control” lies above 25°C. In the “zone 
of body cooling” for the hand, the conservation of heat prohibits local vaso- 
dilatation during local heating accompanied by a skin temperature as high as 
42.1°C. In the “zone of vasomotor control” a delicate balance exists. Small 
increments of heat will produce indirect effects as well as local effects. The 
ambient temperature of 22°C. represents an intermediate level where only 
local effects occur. The increments in the opposite hand produced in an am- 
bient temperature of 24°C. by local heating may be attributed to the phenom- 
ena of general or central vasomotor control. 

During the studies conducted in an ambient temperature of 30® C., the blood 
flows and skin temperatures of both subjects increased above control values 
in the heated hands, but remained essentially unaltered in the unheated hands. 
In this zone, the “zone of evaporative control”, marked vasodilatation has 
already occurred and any additional heat is largely dissipated by an increase 
in the evaporative processes. But, by increasing the blood flow, the hand can 
remove excess heat more quickly and the increase in blood flow in the heated 
hand becomes a protective mechanism. Furthermore, the elevated hand skin 
temperature probably increases the local concentration of metabolites which, 
at this temperature level (30°C.), may augment the vasodilating process. 

From these results, it is concluded that the skin temperature of the hand 
does not necessarily reflect the actual blood flow through that extremity, but 
that this blood flow is a reflection of the need of the body for dissipation or 
conservation of heat. 


SUMMARY 

1. The blood flow of the hands of two lightly clad, healthy, white, male 
subjects was investigated at ambient temperatures ranging from 16.4° to 30.2°C., 
by means of two plethysmocalorimeters. In this investigation, one hand was 
heated to various levels of skin temperature and any alterations in the skin 
temperature and blood flow of the opposite hand were recorded. 

2. Deep tissue temperatures indicated that the heating and cooling of the 
respective extremities was not confined to the skin. 

3. Further studies were conducted in which either one or two legs were 
immersed to a depth of 39 cm. in hot water baths (38°C., 40°C., and 42°C.) at 
an ambient temperature of 17.5°C.; the effects on hand skin temperature and 
blood flow were observed. 

4. When a “steady state” has been reached at ambient temperatures of 21 .5°C. 
and lower, the blood flow in the hand appears to be dependent upon the over- 
all need of the body for the conservation of dissipation of heat. Indirect vaso- 
dilatation can be induced if sufficient heat is applied. 

5. At ambient temperatures of 21.5° to 25°C., a delicate vasomotor balance 
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e^ts and slight additions of heat to one part of the body produce vasodilata- 
tion in other parts. 

6. At an ambient temperature of 30®C., an increase in the blood flow of the 
heated hand occurs. This may be regarded as a protective mechanism for 
the removal of excess heat. At this temperature, no significant changes were 
observed in the unheated hand. 

7. The results of these studies appear to indicate that under cold ambient 
conditions (21.5®C. or lower), the central mechanism controls peripheral blood 
flow for the purpose of conservation of dissipation of heat, whereas in higher 
temperature ranges, local control may become active and indirect vasodilata- 
tion may be induced. 

The authors wish to thank Dr. Eugene M. Landis and Dr. Harwood S. field- 
ing for much helpful criticism. 

Tec 4 Charles Collazo and Tec 5 James R. Singleton supplied technical 
assistance. The figures were prepared by Mr. James P. Collins. 
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The effects of acute anoxia on pulmonary artery blood pressure, induced by 
breathing low oxygen (10 per cent O 2 in N 2 ) for short periods of time, have not 
been reported in man. Since acute anoxia is used extensively as a cardiac test 
and is frequently encountered in anesthesia, changes resulting in the pulmonary 
artery blood pressure should be of interest. 

Methods. The influence of breathing 10 per cent oxygen in nitrogen has 
been studied on 5 unanesthetized, conscious white males in a resting basal 
condition. Their age ranged from 23 to 47 years. Four of the subjects had 
* essentially normal cardiac function without pulmonary involvement. In the 
fifth subject a diagnosis of aortic insufficiency had been made; his brachial 
artery blood pressure values were within normal limits except for a slight lowering 
of the diastolic pressure. In table 1 appear data on the average blood pressure 
values, including systolic, diastolic and mean pressures, in the brachial artery, 
pulmonary artery and right ventricle of the five subjects. All individual 
measurements were within normal limits. Right heart pressures and cardiac 
output were determined by using the right heart catheterization technique 
(1, 2, 3, 4). Arterial, pulmonary artery and right ventricle blood pressures 
were measured using the Hamilton manometer (5). In two cases pulmonary 
artery and right ventricle pressures were taken simultaneously using a double 
lumen catheter (6); the arterial blood was obtained from the brachial artery 
and the mixed venous blood from the pulmonary artery. A demand type valve 
(Army Air Forces A-16) was used to supply the compressed air or the 10 per 
cent oxygen mixture to the subject. The expired gas was collected in a calibrated 
Tissot spirometer. Measurements of cardiac output and blood pressures were 
determined first while breathing ambient air (21 per cent oxygen). Then the 
subjects breathed the 10 per cent oxygen mixture for a period of approximately 
10 minutes, at the end of which the cardiac output was measured and the blood 
pressures recorded from the brachial artery, pulmonary artery and right ventricle. 
A second series of control measurements, while breathing ambient air, was taken 
30 minutes after the end of the period of low oxygen breathing. 

Results. The average data obtained on the 5 subjects appear in table 1 . 

^ Under contract with Aero-Medical Laboratory, Wright Field, Dayton, Ohio. Addi- 
tional support was provided by the Commonwealth Fund and the Life Insurance Medical 
Research Fund. 
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TABLE I 


Influence of breathing 10 per cent oxygen on the respiratory gas exchange and hemodynamica 
* in 5 aubjecta at ambient preaaure 
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cent- in the arterial blood and 19.5 per cent in the mixed venous blood while 
breathing the 10 per cent oxygen. There was a small decrease in the CO 2 
content (1 .3-2.2 vol. per cent). The pCX )2 decreased 6.9 mm. Hg in the arterial 
blood and ().4 mm. IJg in the mixed venous blood, with a corresponding increase 
of 0.07 of the pHs. This was undoubtedly due to hyperventilation. 

2. Pulnumary ventilation. The volume of expired gas was greatly increased 
on the 10 per (rent oxygen (3.8 liters per min. or 52.7 per cent). The C ()2 output 
showed a considerable increase (31 .9 per cent) on low oxygen breathing. This 
change is consistent with the hyperventilation and with the lowering of the pC( )2 
in the blood. The oxygen consumption was reduced 20.0 per cent and the rate 
of breathing increased 25.0 per cent on the low oxygen mixture. 

3. Pulmonary artery blood pressure. A very significant degree of pulmonary 
hypertension was i)rodu(red by the anoxia, resulting from breathing the 10 per 
cent oxygen mixture as shown by the large rise in pulmonary artery blood pressure 
(table 1 and fig. 1). The diastolic pressure rise was the greatest, from 0 mm. 
Hg on ambient air to 13 mm. Hg on low oxygen. The systolic pressure rose 
from 21.9 to 35.1 mm. Hg on an average, and the mean pressure from 13.1 to 
23 mm. Hg. The pressure rise in the pulmonary artery occurred rapidly afU'r 
the l)reathing of 10 per cent oxygen started, with maximal increase in pressure 
being j-eached w ithin 2 to 4 minutes. The elevat(‘d piessure persisted as long 
as the subject breathed th(^ low oxygen mixture (average^ 15 to 20 min.). After 
switching from low oxygen to ambient air breathing, the pulmonary artery 
pressure returned rapidly back to normal, with readily measurable changers aftei* 
one minute on ambient air breathing. The systolic pressure rise was of the sam(' 
magnitude in tlie right ventricle as in the pulmonary artery; the end diastolic 
pressure in the right ventricle rose somewhat. 

4. Cardiac output. There was a slight decrease in arterio-venous oxygen 
difference (5 cc. per liter) on the low oxygen breathing. Since consumption 
was reduced 20.0 per cent, the calculated blood flow was decreased from 5.74 to 
5.20 liters per minute (a 9.4 per cent reduction). In general the greater the' 
decrease in (aii’diac output on low oxygen, the higher the corresponding pulmo- 
nary artery pressure. Pressure tracings are shown in figure 1 from a subject in 
which the ('ardiac output was decreased 20.3 per (^ent while breathing 10 per cent 
oxygen, and these tracings were taken immediately aftei* the cardiac output 
determination. In the above case the decrease in cardiac output was tlu' gnaitest 
and the pulmonary hy|xu*tension was the largest observed. The a\'('rage 
stroke volume for the 5 cases was reduced from 82 to 05 cc. as a result of the 
small reductiem in cardiac output, and of the 19.4 per cent increase in heart 
rate. The calculated pulmonary resistance was increased almost 100 per cent 
(130 to 255 dynes sec. cm."®) on low oxygen. 

5. Peripheral blood pressure. The arterial pressure showed only a slight aver- 
age rise on low oxygen breathing, an increase of 7.0 mm. Hg systolic, 1 mm. 
Hg diastolic and 3 mm. Hg. mean. The calculated peripheral resistance in- 
creased insignificantly from 1210 to 1407 dynes sec. cm."® or 15.7 per cent. 

Discussion. The transient pulmcmary hypertension induced while breathing 
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10 per cent oxygen for short periods of time has been a consistent observation in 
subjects with essentially normal blood pressures. The average pulmonary 
blood pressures while breathing air, for the 5 cases reported, are almost identical 
to the average normal pulmonary artery blood pressures as recorded in this 
laboratory. The respiratory gas exchange variations are in accord with previous 
observations on the effects of anoxia of this magnitude. The exact cause of the 
lowered oxygen consumption is obscure as the gradient across the pulmona^ 
membrane remains essentially unchanged, and the lowering is not observed in 

chronic anoxia or in acclimatization. ... j 

Drinker (7) has demonstrated in dogs that acute anoxia rapidly increased 
lymph flow from the lungs and that the excessive lymph movement regularly 
stopped when pure oxygen was given after short, periods of anoxia. Capillary 
permeability was increased by the anoxia resulting in greater filtration of fluid 
into the alveolar tissue and into the alveoli. In this respect it may be mentionec 
that preliminary observation in man on vital capacity measurements failed to 
show any reduction after breathing 10 per cent oxygen for 10 minutes. Von 
Euler and Liljestrand (8) have very recently reported a rise in pulmonary artery 
pressure in anesthetized cats with closed thorax, breathing spontaneously or with 
artificial respiration on low oxj'gen mixtures. Cardiac output was not deter- 
mined in the cats, hence the status of the pulmonary blood flow is unknoivm 
According to these authors the vasonconstriction is due to a direct action of 
the anoxia on the wall of the vessel without intervention of the autonomic 
nervous system. They have suggested that the distribution of the pulmonary 
blood flow is regulated through the various parts of the lung according to the 
efficiency of aeration for each area, a low blood o.xygen saturation producing 
constriction and a high blood oxygen saturation producing dilatation of the 

respective pulmonary arterioles. • j- . 

In man, according to Cournand (9), observations made so far tend to mdicate 
that rapid changes in pulmonary arterial pressure are chiefly caused by variations 
in blood flow, and that clear-cut proof is lacking for autonomic vasomotor 

regulation of the pulmonary circulation. 

The rise in pulmonary artery pressure induced by anoxia in man in this report 
cannot be attributed to an increase in cardiac output for the latter was slightly 
decreased, and in the normal subjects the greater the decrease in cardiac output 
the higher the corresponding pulmonary artery pressure rise. Among the 
possible mechanisms of increasing pulmonary vascular resistance, the following 
may be mentioned; 1, stasis in the smaller pulmonary vessels, and 2, pulmonary 
arteriolar constriction. Drinker (10) has suggested that the altered capillary 
permeability inaugurates stasis in the smaller pulmonary vessels, a mechanism 
creating increased vascular resistance which is the main feature of the changes 
produced by the anoxia. If this mechanism is not operative in man, it may 
well be that low oxygen tension in the circulating pulmonary blood causes 
vasconstriction of the pulmonary arterioles or precapillaries by direct action, 
as postulated by von Euler and Liljestrand in their interpretation of their 
observations in cats. The question may be raised, however, whether pulmonary 
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arterioles or precapillary vasoconstriction may not be related to the hyper- 
ventilation and mild alkalosis associated with low oxygen breathing. In separate 
studies of the effects of intermittent positive pressure breathing upon respiration 
and circulation, hyperventilation and alkalosis of greater magnitude have been 
observed. These failed to, elicit a rise in pulmonary arterial pressure, greater 
than the expected small increase due to changes in intra-thoracic pressures. On 
the basis of this experience, it would seem reasonable to doubt that hyper- 
ventilation and alkalosis are the cause of the findings reported here. 

SUMMARY 

1. Pulmonary hypertension was rapidly induced in subjects with normal 
blood pressures by breathing 10 per cent oxygen for short periods of time with 
only a very slight rise in systemic blood pressure. The pulmonary pressures 
rapidly returned to normal when the low oxygen breathing was discontinued. 

2. Cardiac output was decreased slightly during anoxia, and the stroke volume 
markedly reduced^ the latter largely the result of an increased heart rate. 

3. Pulmonary vascular resistance was almost doubled during anoxia while 
the systemic peripheral resistance increased only slightly. 

4. The possible mechanisms involved in this increased pulmonary vascular 
resistance during short periods of acute anoxia are discussed. 
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It has been established that when cats, rabbits and rats are exposed to low 
oxygen tensions sufficiently severe to result in respiratory failure, there is an 
immediate rise in the blood sugar value resulting from increased activity of the 
sympathico-adrenal system (1, 2, 3, 4, 5). It has been shown that the resistance 
to hypoxia in the cat is markedly increased by reduced food intake over a period 
of weeks, and starvation up to 6 to 10 days, with no further increase in the post- 
hypoxic hyperglycemia and in fact a significant decrease in the latter after 6 days 
of starvation (5, 6). 

On the other hand, insulin, which markedly decreases resistance to hypoxia 
(5) in the cat, produces only moderate (one-third) reduction in the post-hypoxic 
hyperglycemia. In all of these states the post-hypoxic blood sugar level re- 
mained high, the lowest values appearing during the 6 to 10 day starvation 
condition. 

In a further study of the relation between resistance to hypoxia and blood 
sugar value the present experiments were carried out under conditions designed 
to depress the nervous system involved in compensation for the low oxygen ten- 
sion, while attempting to maintain the humoral (adrenalin) factor and the blood 
sugar at a high level. 

Methods. As previously described (7), adult male cats under conditions 
designed to maintain normal body weight were tested for their resistance to 
oxygen concentration of 3.4 to 3.5 per cent, as judged by the elapsed time to 
respiratory failure (resistance time) (5, 6, 7). 

Nembutal (pentobarbital) (25 mgm. per kgm.) was injected intraperitoneally 
at least 25 minutes before exposure to hypoxia. Immediately following removal 
from the chamber and restoration of rhythmic respiration, blood samples were 
taken by cardiac puncture. Blood sugar values were determined by the Saifer, 
Valenstein and Hughes modification (8) of the ferricyanide reduction method. 

When adrenalin was used, it was injected (1 cc. 1:1000 dilution) 10 to 18 
minutes^ before the hypoxia test. 

Results. From the data of table 1 one may conclude that the central nervous 
system depressant, nembutal (pentobarbital), causes a marked reduction (over 

' From tests of adrenalin perfusion and injection under nembutal it was shown that 
blood sugar levels were maximal after 15 to 30 minutes. 
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60 per cent) in the resistance time to hypoxia, but only a moderate reduction 
(from 433 to 248.3 mgm. per cent) in the post-hypoxic blood sugar value. 

With the injection of adrenalin some cats show a rise in both blood sugar and 
resistance time over the values obtained under nembutal alone. However, the 
average values under adrenalin and without adrenalin when tested statistically 
did not prove to be significantly different. The t values were calculated by the 

TABLE 1 


Relation between resistance time to hypoxia‘‘and post-hypoxic blood sugar in nembutalized cats 

injected with adrenalin 


CAT NO. 

CONTBOL 

NX1CBX7TAL 25 mgm./kgm. 

NXICBDTAL AND ADXINALXN 

Resistance time 

Blood sugar 

Resistance time 

Blood sugar 

Resistance time 

Blood sugar 



minut4s 

mgm, per cent 

minutes 

mgm. per cent 

mitmtes 

mgm. per cent 

IG 

36«0 

448 



17.5 

528 

IH 

34.Q 




34.5 


2J 


516 





3F 




199 







295 



4E 

36.0 

476 

10.0 



525 





165 

8.6 

188 

51 

38.5 






6H 





13.5 

189 

7G 

32.5 


13.5 

231 






16.0 

262 



7H 



6.0 

236 


415 

8G 






237 

121 



6.0 

219 


185 

13H 

29.0 


11.0 

255 



13J 

35.5 






15E 

MEM 


7.0 

166 


232 

16E 



6.0 

281 



22F 


458 

7.5 

192 



24A 



6.0 

225 



Average 

30.3 

433 

9.8 

248.3 

13.75 

321.6 

tr 

6.16 

74.9 

3.61 

92 

8.48 

143 


formula given by Davenport and Ekas (9). The level of significance of these 
t values was obtained from Fisher and Yates’ tables (10). At the same time 
blood sugar levels in both conditions are still well above the .post-hypoxic levels 
after 6 days of starvation when resistance time was markedly increased over the 
control value (5). 

The conclusion may be drawn from these experiments that under nembutal 
anesthesia the emergency response to hypoxia results in mobilization of blood 
sugar to a level well above resting conditions and only slightly below levels pre- 
viously found under conditions which tend to increase the survival of the animal 
when exposed to low oxygen tensions. Injection of adrenalin may increase the 
blood sugar value slightly but not significantly. 
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Resistance to hypoxia In the nembutalized animal, both with and without 
added adrenalin, is markedly reduced. 

Further, it may be concluded that although blood sugar values are at or very 
near to “emergency levels, the ability of the nembutalized cat to utilize this 
increased blood sugar in combatting the effects of oxygen lack is not significantly 
modified by the injection of adrenalin in the amounts used here. 

The inference is drawn that the reduction in resistance time to hypoxia pro- 
duced by nembutal is chiefly due to depression in the excitability of the nervous 
component of the compensatory mechanism. 

Discussion. The depressant action of barbital compounds on the central 
nervous system is well known (11). Although nembutal may depress the cortex 
prior to depression of the basal ganglia and hypothalamus (12), there is consid- 
erable evidence (13, 14, 15) that the deep nuclei and chiefly the hypothalamus 
are the main sites of action of the barbiturates. As to direct action on the re- 
spiratory neurons, the evidence is not clear. Tatum (11) states that barbiturates 
appear functionally to decerebrate without seriously impairing vital medullary 
centers, but points out that dominant respiratory depression in over-dosages 
may be due to effects of the drugs on higher centers, since respiratory paralysis 
can be demonstrated in laboratory animals with relatively little effect on the 
vasomotor center. At the same time Fulton, Liddell and Rioch (14) state that 
under “Dial'' the motor cortex is but little impaired. 

In view of the evidence that the hypothalamus is especially susceptible to 
barbiturate depression the relatively high post-hypoxic blood sugar values ob- 
served in the present experiments suggest that even under the depressant action 
of the drug the overall emergency efficiency of the animal for mobilization of 
blood sugar is still considerable. 

Schmidt (16) has shown that adrenalin is a good respiratory stimulant in cases 
of respiration depressed by morphine, and has ascribed this stimulation to in- 
creased oxygen supply to the respiratory center. The work of Marshall, Walzl 
and Le Messurier (17) showed that epinephrine is ineffective in restoring res- 
piration in dogs and cats anesthetized by barbiturates. That the carotid body 
and the aortic body mechanisms operating in oxygen-want are relatively insensi- 
tive to barbiturate depression as compared to the respiratory center itself is 
evidenced by the work of Marshall and Rosenfeld (18). 

In the present work the hypoxic conditions would prevent any appreciable 
increase in the oxygen tension of the blood. The slightly better response of 
some of the adrenalin-treated animals may be due to a slight stimulatory action 
on respiration, rather than to the small rise in the average of blood sugar values. 

The low oxygen tension of the blood supplying the brain, coupled with the 
effect of the nembutal on the respiratory center, either directly or indirectly via 
higher depressed centers, apparently outw'eighs any excitatory influence of the 
carotid body or aortic body chemoreceptors or of increased blood sugar value. 

SUMMARY 

Adult male cats when tested for their resistance to low oxygen tensions showed 
marked reduction in their resistance times when treated with 25 mgm. per kgm. 
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of nembutal. Blood sugar values are moderately decreased from the normal 
post-hypoxic levels. 

Injection of adrenalin (1 cc. of 1:1000 dilution) into nembutalized cats pro- 
duced no significant rise in the resistance time or in the post-hypoxic blood sugar 
value. 

Blood sugar values immediately following hypoxia were at emergency levels 
in both the adrenalin and non-adrenalin injected nembutalized cats. 

Within the range of blood sugar values existing, there was no obvious relation 
between blood sugar level and resistance to hypoxia. 

The marked decrease in resistance time in comparison with blood sugar level, 
with and without added adrenalin, suggests that the chief depressant action of 
nembutal upon respiration under hypoxic conditions is on the respiratory 
center. 

REFERENCES 

(1) VAN Midd;.E8WORth, L., R. F. Kline and S. W. Britton. This Journal 140: 474, 1943. 

(2) Feldman, Jf., R. Cortell and E. Gellhorn. This Journal 131: 281, 1940. 

(3) Cannon, W. B, and R. G. Hoskins. This Journal 29: 274, 1911. 

(4) Cannon, W. B. This Journal 83: 356, 1914. 

(6) Smith, D, C. and R. H. Oster, This Journal 146: 26, 1946. 

(6) Smith, D. C., R, H. Oster and J. E. P. Toman. This Journal 140: 603, 1944. 

(7) Oster, R. H., J. E. P. Toman and D. C. Smith. This Journal 141: 410, 1944. 

(8) Saifer, a., F. Valenstein and J. P. Hughes. J. Lab. and Clin. Med 26; 1969 

1941. 

(9) Davenport, C. B. and M. P. Ekas. Statistical methods in biology, medicine and 

psychology. Wiley and Sons, New York, 1936. 

(10) Mather^ K. Statistical analysis in biology. Interscience Publ., New York, 1943. 

(11) Tatum, A. L, Physiol. Rev. 19: 472, 1939. 

(12) Fulton, J. F. and A. D. Keller. Surg., Gynec. and Obst. 64: 764, 1932. 

(13) ScHRiEVER, H. and G. Perschman. Compt. rend. Soc. de biol. 192: 971, 1935. 

(14) Fulton, J. F., E. G. T. Liddell and D. McK. Rioch. J. Pharmacol, and Exper. 

Therap. 40: 423, 1930. 

(15) Laidlaw, a. E. and M. A. Kennard. This Journal 129: 650, 1940. 

(16) Schmidt, C. F. J. Pharmacol- and Exper. Therap. 35: 297, 1929. 

(17) Marshall, E. K., Jr., E. M. Walzl and D. H. LeMessurier. J. Pharmacol, and 

Exper. Therap. 60; 472, 1937: 

(18) Marshall, E. K., Jr. and M. Rosbnfeld. J. Pharmacol, and Exper. Therap 67* 

437, 1936. 



MODTFK^ATION OF THE ACTION POTENTIAL OF AMPHIBIAN 
NERVES BY TlUTUItUS EMBRYONIC TOXIN 

R. S. TUHNKR and F. A. FUHUMAN 

Front the Department of Anatomy' and Department of Physiology, School of Medicine, 
Stanford Lhiimrsity, California 

Heceived for publication April 28, 1947 

In 1937 d\vitty described a toxin, extractable from Triturus eggs and young 
embryos, which produced motor paralysis in larvae and adults of various Amphibia 
{Amhly stoma, Rana, Bufo, Aneidcs and IHcamptodon). Through a series of 
(‘xperiments on embryonic transplantation Twitty concluded that the toxin 
specifically impaired the function of motor nerves while leaving the sensory 
nerves unaffected. Ilorsburgh, Tatum and Hall (1940) found that the toxin 
“paralyses somati(‘ motoi* nerves” and, in high con(*entrations, abolishes 
sponse ot excised skeletal muscle to direct stimulation. They further found 
that high concentrations applied to the conjuntiva abolished the corneal re- 
flex in cats and rabbits. If the primary effect of dilute Triturus toxin is exerted 
on motor fibers, the A alpha spike of the oscillogram should be S(dectively altenKl 
by this substance since it has lx‘en shown by Erlanger and (lasser (1937) and 
others that somatic motor fil)ers are confined solely to this group. Tlie j)resent 
series of (‘xperiments were therefore p(‘rformed to asc(‘rtain the effect of this 
toxin on the action potential of amphibian nerve.- 

Ma'I'kiuals and Mio'inoDs. Extract of the toxin was prepar(‘d in the follow- 
ing manru'r: three egg clusters of Triturus torosus were crush(‘d in a mortar 
with 0.9 per CfUit Na(4 and allowed to stand over night at i)X\ Th(‘ material 
was centrifuged, filter(‘d, and made up to 50 ml. with 0.9 per cent NaC4. The 
potency of this extract when assayed on mice according to the method of Ilors- 
burgh, Tatum and Hall (1940) was 50 mouse units pei* milliliter. 

Tibial and pei’onc'al nerves, 3-4 cm. in length, wen' excised from leopard 
frogs {Rama pipiens), washed in frog Ringer’s solution, and phased across a 
scries of silver (dc'cti’odes in a moist chamber at room tempei’atuix^ The nci’ves 
were repetitively stimulated by (condenser dis(4iarges d(‘li\'ered through an out- 
put transformer and c(Hitrolled by a thyratron tul)e. The stimulating shocks 
were of approximately 0.1 msec^. duration. The action potc'iitials were led into 
a Du Mont tyix; ruj. 208 B oscillos(!ope through a two-stage pre-amplifier of con- 
ventional design. Total conduction distance along the nerves was 2.4 cm. TIk' 
extract (3f Triturus toxin diluted 1:1000 or to 0.05 mouse unit per milliliter in 
frog Ringer’s solution (molecular dilution approximately 0.25 X lO™^) was 
applied as a drop to the nerve at a point midway l)etween the stimulating and 
pick-up electrodes. ('oiKJcnt rations less than 0.05 m.u./ ml. produ(*ed similar 

1 Aided by a grant from the Fluid Research Fund, Stanford School of Medicine. 

* The authors wish to thank Prof. V. C. Twitty for his helpful interest and for the Tri- 
turus eggs used in these experiments. 
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effects, but very slowly, while concentrations greater than 0.05 m.u./ ml. pro- 
ciuced similar effects very rapidly. ^ 

Result, s The typical effect of Trilurm toxin (0.05 m.u./ ml.) on the action 

potential ol tibial and peroneal nerves of Rami pipicm is shown in figures 1 to 4 
Severa acts are immediately discernible from the records. It will be noted 
lat, although the first effects of the toxin are exerted on the entire composite 
action potential (fig. 2), the A alpha spike is not affected differentially. The 



tig. 1. Action potential from normal tibial nerve. 

(O.Sm.u./tu!" ISsecnds after application of Trituru., to.xi„ 

Fia f f ^ “Fplioatiori of toxin, 

g. 4. Action potentia of same nerve 60 seconds after application of toxin. 

Ilinge;’a solmion." ' area with frog 

Fig. 6. Action potential of tibial nerve after third recovery from toxin. 

chana«l'tT'‘’'’'’l!"^Tfi frequency and stimulus amplitude were left un- 

anged thioughout figures 1 to 5. Stimulus amplitude slightly increased in fifrnm n n 
duction time for the A alpha group is approximately 33.1 m.p.s. 

gamma and A teta portions finally decrease (fig. 3), leaving only the A alpha 
portion which then progressively diminishes in amplitude (fig. 4) until it is 
abolished altogether. If now the poisoned part of the nerve is ls£d with 
f rog Ringer s .solution the components of the action potential may be restored 
(hg. 5) in reverse order. Often the components do not return quite to theR 
prcx lous full amplitude. The action potential may be thus repeatedly abolished 

Xcrthel f' \ ‘I’d TrUurus toxin 

affect the A alpha spike differentially. 

()ther characteristics of the oscillograms are wmrth mention. It can be seen 
that the conduction time is not significantly altered by application of toxin to 
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the nerves. Some slowing may occur in the last remaining A alpha fibers be- 
fore impulses cease completely, though with such a great reduction in amplitude 
of the spike, accurate calculation is difficult. There is no displacement of the 
apex of the A alpha spike. Correlating with this lack of significant change in 
conduction velocity is the fact that ho appreciable temporal dispersion with con- 
sequent widening of the complex occurs. After the action potential has fallen 
in amplitude, increase of stimulus strength is ineffective in bringing to activity 
any further fibers. 

Discussion. In the original experiments of Twitty (1937) the reflex con- 
traction of muscle in response to skin stimuli was utilized as an index of motor 
nerve activity. This method does not differentiate between block of the final 
common pathway and block at the myoneural junction. Twitty firmly estab- 
lished the fact that Amblystoma sensory nerves may conduct even in the presence 
of fairly high amounts of Triturus toxin (i.e., when grafted into Triturus hosts). 
It is well to recall that in the embryonic stages studied by Twitty the sensory 
side of the reflex arc is formed of Rohon-Beard cells. These cells are structurally, 
and no doubt functionally, quite different from the unipolar sensory neurones 
which later mediate these same functions. It is possible that the susceptibility 
of these primitive cells to toxic substances is different from that of adult unipolar 
neurones. The motor fibers of the Amblystoma embryos, however, arise from 
definitive anterior motor horn cells from the earliest stages. Twiity himself has 
remarked on the .far greater susceptibility to toxin shown by adult Amphibia 
as compared to embryonic forms. Twitty’s original observations are thus open 
to at least three possible interpretations. First, the toxin may initially block 
conduction at the myoneural junction. Secondly, the motor nerves themselves 
may be inactivated by the toxin. Thirdly, the effects of the toxin acting on 
embryonic tissue may be different from its effects on adult excised amphibian 
nerve. The results of the present study fail to indicate any selective effect of 
the toxin solely on the motor components of adult amphibian nerves. 

Inspection of the oscillograms of nerves exposed to toxin (0.05 m.u./ ml.) 
would lead to the belief that the block of conduction through the sciatic nerve 
of the frog observed by Horsburgh, Tatum and Hall (1940) was most likely due 
to general depression of all conduction in the region of the nerve exposed to 
toxin. This is made most probable in view of the high concentrations (75 
mouse units per ml.) used by them. Their abolition of the corneal reflex in cats 
and rabbits by application to the conjuntiva of 10 mouse units in 0.2 ml. Ringer’s 
would seem best explained in the same manner. The demonstration by Hors- 
burgh, Tatum and Hall that concentrations of 12 to 31 mouse units per milliliter 
of toxin inactivates excised skeletal muscle is in line with the later findings of 
Davenport and Smith (1942) who showed that the effects of the toxin are exerted 
first on the conduction system of the frog heart and finally on the heart muscle 
itself. 

Since only fragmentary data are available on the chemistry and pharmacology 
of Triturus toxin (see van Wagtendonk, Fuhrman, Tatum and Field, 1942), 
it is not now profitable to speculate on its mechanism of action. Fuhrman and 
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Field (1941) have shown that the toxin has little or no effect on oxidative metab- 
otl Trl tLue (n It would therefore appear unlikely that thrs sub- 

stance acts by inhibiting the cytochrome-cytochrome-oxidase system. 

SUMMARY 

1. Triturus toxin in physiologically active dUutioi« completely abolishes Ae 
action potential of frog sciatic nerve. Within the A group the 

to be generalised throughout the entire fiber spectrum. The A alpha fibers are 

the last to cease functioning. 1 + 1 ,. 

2. The components of the action potential may be 

in reverse order by washing the poisoned area of nerve with frog Ririger s solu- 
tion. Abolition md restoration of the action potential may be repeated several 

^'7^ Triturus toxin does not appear significantly to slow 

to introduce noticeable temporal dispersion into the fibers of the A ^omp , 

4 Interpretation of these and previous data from the literature on t p y 
ological effects of Triturus toxin leads to the conclusions that: a m « 

toll Rohon-Beard ceUs are probably not strictly cornparable ^ 

of the adult - b in the adult there is no selectivity of the toxm for motor rieurones, 
rn«rtlTy of previous d.t. ui.y bo duo to t.ilure «, uso cnUe.l con.eu- 

trations. 
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Research concerning selection of food in animals has furnished a great deal of 
data which demonstrate convincingly that animals select and adapt their food 
intake with considerable accuracy according to their needs. Osborne and 
Mendel (1918) found that rats and mice were capable of selecting the more com- 
plete diet when given the choice of two mixtures; Widmark (1944) observed 
that following a period of protein starvation the consumption of protein rich 
food increased; Richter et al. (1937, 1938) demonstrated that the NaCl intake 
of adrenalectomized rats increased sixfold, and that a similar rise in Ca intake 
occurred in parathyroidectomized animals. 

The present experiments were devised to investigate whether the self selected 
amount of energy producing foodstuffs, carbohydrate, protein and fat could be 
altered by a change in environmental temperature. 

Methods. In every experiment three or four groups of 10 mice were used, 
of which two groups always served as controls. The animals were allowed the 
choice of three food mixtures. Each contained one-third part of a standard 
mixture and two-thirds of either starch, casein or lard. All these diets when 
given alone provided adequate nourishment and maintained health over a period 
of at least three months. Gelatin and water were added to the starchy and 
casein food to prevent scattering. Water was supplied ad libitum. The amount 
of food consumed was measured daily. 

The composition of the food intake is shown in table 1. 

Results. Throughout the experiments body weight remained relatively con- 
stant though wide fluctuations in consumption were observed during the first 
days of experimental feeding. These diminished subsequently and after two 
weeks a fairly uniform intake was the rule. This is shown in figure 1, which 
illustrates the amounts of the three types of foods consumed, a free choice being 
allowed. The curves are plotted representing the average of three consecutive 
days. 

After a preliminary period of 2 to 3 weeks at room temperature the experi- 
mental groups were placed in an environment thermostatically controlled to 
29-33°C. or in a refrigerator where the temperature was 10-1 1°C. 

Figures 2 to 4 demonstrate that changes in external temperature have a marked 
effect on food selection and consumption. As was to be expected, an increase 
of food intake was observed at low temperature, the caloric value of the food 
ingested being 20 to 40 per cent higher at 10-1 1°C. than at 29-33 °C. In experi- 
ments illustrated by figures 2 and 4 the change was entirely due to increased 
intake of food I (carbohydrate) at low temperature and decreased intake of the 
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TABLE 1 


Standard mixture 

Salt mixture 

100 grams 


Dried brewers* yeast 

600 grams 


Casein 

1800 grams 


Ground maize 

7800 grams 

Food I . (Carbohydrate ) : 

Standard mixture 

150 grams 

Wheat starch 

800 grams 


Salt mixture 

15 grams 



Milk 

5 grams 


To lOO^msof this mixture 100 ml. of a gelatin solution were added. Calories per grams 

approximately 1.85 . 


Food II. (Protein) : 

Standard mixture 

Casein 

Salt mixture 
j Milk 

150 grams 

300. grams 
j 15 grams 

5 grams 

To 100 grams 166 ml. of 

a gelatin solution were added, 
approximately 1.10 

Calories per grams 

Food III. (Fat): 

Standard mixture 

50 grams 

Lard 

100 grams 


Salt mixture 

15 grams 


Milk 

5 grams 


Calories per gram approximately 7.0. 



Food consumption of 10 mice in grams per day after two WMks’ ex^wimental 
feeding'at room temperature. Free choice allowed. Average weight of mice : 20 grams. 
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Fig. 2. Change effected in food consumption of mice by exposure to wa! ra and then cold 
environment; free choice allowed. 


e* 



Fig. 3. Change effected in food consumption of mice by exposure to cold and then to warm 
environment: free choice allowed. 
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same at high temperature, while consumption of food II (protein) and food III 
(fat) remained throughout the whole experiment practically unchanged. In 
experiment III there was also an initial increase in fat consumption at low temper- 
ature, but this proved to be transient only ; in the further course of the experiment 
fat intake returned to its original level and the increased calories were furnished 
also in this case exclusively by carbohydrate. 

Di^ussion. Mice exposed to low temperatures selected the necessary addi- 
tional calories to maintain weight by eating more starchy food, exclusively. 
This see§b the more significant because at room temperature they preferred 
fatty food, which ordinarily furnished about two-thirds of the total calories 



Fig. 4. Change effected in food consumption of mice by exposure to warm, cold and then 
to warm environment; free choice allowed. 

ingested. It is evident that this change in appetite was due to a regulation set 
in motion by changes in external temperature; its finer mechanism is obscure. 
In looking for an explanation it is apparent that changes in endocrine function 
may be responsible for the observed selective changes in carbohydrate consump- 
tion. It is well known that there are seasonal changes in thyroid activity. Ex- 
perimentally Skoog (1939) observed that the weight of the thyroid of mice kept 
at low temperatures increased threefold. Investigations of Mansfeld (1943) 
have demonstrated the thermoregulatory function of the thyroid. Preston (1928) 
among others has indicated the correlation between thyroid and the adrenal 
cortex. These lines of evidence suggest the possibility that the endocrines may 
play a rdle not only in the quantitative regulation of food intake but in quali- 
tative regulation as well. 
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SUMMARY 

Food consumption increases in white mice at low (10-1 1°C.) and decreases at 
high (29-33°C.) external temperature. 

These changes were due nearly exclusively to an increase or decrease in the 
intake of the carbohydrate rich food, free selection of foods rich in carbohydrate, 
protein and fat being provided. 

It is suggested that changes of thyroid function may play a role in qualitative 
regulation of food intake. 
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In a previous communication (Donhoffer and Vonotzky, in press) it was shown 
that changes in environmental temperature have a marked effect on food intake 
and selection in white mice. The animals exposed to a low environmental 
temperature chose carbohydrate food in order to supply the necessary additional 
calories. At a high temperatiu'e the intake of carbohydrate rich food diminished. 
It was suggested that changes in thyroid activity played a role in food selection, 
considering the correlation of external temperature and thyroid function (Preston, 
1928; Skoog, 1939 ; Mansfeld, 1943). Further support for this thesis is found in 
the reports which indicate that the administration of thyroxine increases food 
consumption (Wang, 1927; Peruss6 et al., 1929; Reed et ah, 1932; Terroine and 
Babad, 1939). Other data tend to show that effect of thyroxine varies according 
to the food consumed. Thus, Abderhalden and Wertheimer (1926) found basal 
metabolism highest in rats fed meat, lower in animals eating bacon and lowest 
in those subsisting on oats. The duration of the effect of thyroxine varied 
similarly, being most prolonged in mice on a meat diet, shorter on bacon and 
shortest when oats were fed. The only data available concerning an eventual 
effect of thyroxine or of functional changes of the thyroid on food selection seems 
to be that of Jones (1940). He observed that the percentage of calories derived 
from protein was below normal in the self selected diets of cases of toxic goitre. 

Methods. Essentially the same procedure was used in the present experi- 
ments as previously (Donhoffer and Vonotzky, in press). Three foods were 
provided for free choice, two-thirds of each consisting respectively of starch 
(food 1), casein (food 2), and lard (food 3). The other third of each consisted 
of a standard mixture. Health and body weight of white mice were maintained 
at least for three months when any one of these diets was provided as the sole 
source of nourishment. In every experiment lour groups of 10 mice were used 
of which twQ served as controls. Food consumption was measured daily and 
averages of three consecutive days are recorded in the charts representing the 
food intake of a mouse of 20 grams in 24 hours. Fourteen groups received daily 
0.02 to 0.04 mgm. Thyroxine (Roche) subcutaneously for periods of varied 
length. 02 ~consumption was measured daily or every other day with the appa- 
ratus of Beliak and Ill^nyi. The animals were fed in the early morning and 
02 -consumption was determined in the afternoon without preliminary fasting. 
After approximately two weeks of experimental feeding quantitative and quali- 
tative food intake was fairly uniform and remained so in the control groups 
throughout the whole experimental period, therefore the data of these are omitted 
from the charts. 
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Results. The well known rise of 02-consumption, 50 to 100 per cent above 
normal, was followed after a lag of 3 to 6 days by increased food intake. After 
discontinuing thyroxine administration it decreased with a similar but even 
longer delay and remained in some cases on a somewhat higher level than before 
thyroxine treatment for a prolonged period. These results are illustrated in 
figure 1 . 


«• 



Fig. 1. Effect of the administration of thyroxine on body weight , calories 

consumed per 20 gram mouse in 24 hours , and rate of metabolism in calories 


Figures 2 and 3 are illustrated as typical of four experiments. They demon- 
strate the effect of thyroxine on food selection. In all experimental groups the 
consumption of food 1 (starch) rose high above the original level, while con- 
sumption of food 3 (lard) remained practically unchanged or rose only slightly 
and in some experiments consumption of food 2 (casein) remained unchanged. 
In some experiments the intake of all three foods increased at the beginning of 
thyroxine treatment, yet later protein and fat consumption decreased to or be- 
low the original level and an elective increase of the consumption of the starchy 
food was observed. 
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Figure 4 shows the percentage changes of calories derived from the different 
foods. It is typical of the two such experiments seen. In all experiments a 




Figs. 2 and 3. The increased amount of starch consumed following thyroxine administra- 
tion. 

marked increase of calories derived frOffi food 1 (starch) was observed. In 
many, at the height of the thyroxine effect, more than 50 per cent of calories 
were derived from the carbohydrate rich food while before and after thyroxine 
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treatment 50 to 70 or even a higher percentage was furnished by fat. In some 
experiments the prethyroid proportion was completely reversed and calories 
derived from starch reached 80 per cent in the course of thyroxine administration, 
while before and after treatment 80 per cent was furnished by lard. 

Discussion. The thyrotoxic state produced by prolonged administration of 
thyroxine increased food intake considerably. The fact that this increase might 
follow the rise in the rate of metabolism after a lag of some days and persisted 
5 to 7 days after the sharp decline of () 2 -consumption suggests that increased 
food intake was not directly related to the injection of thyroxine or the resultant 
rise in the rate of metabolism. Presumably there must be some mechanism 



Fig. 4. The effect of thyroxine administration on the proportion of calories derived from 
different foods. 

regulating food intake which is set in motion by the drug directly or as the in- 
direct result of the increase in metabolism. 

Experimental evidence presented shows clearly that a very great change in 
selection was associated with the increase in food intake. During the first days 
of increased food consumption the qualitative change was less prominent, but 
later the preference for starchy food became so marked that at the height of the 
thyroxine effect the additional calories ingested were furnished in many cases 
almost entirely by carbohydrates. In some cases the consumption of fat fell 
even below the initial level. 

The selective rise in carbohydrate intake is the more remarkable as l)efore 
and after thyroxine treatment a marked preference for the fatty food was evi- 
dent. It would seem natural that the necessary additional calories should be 


338 


SZ. DONHOFFER AND J. VONOTZKY 


furnished by the food of highest caloric value— at least in an animal having in 
normal conditions a marked preference for fat. 

The fact that prolonged administration of thyroxine is associated with essen- 
tially similar — ^though much more pronounced — changes in food ^election as ob- 
served in animals exposed to low temperatures (11°C.), may be considered as 
valuable circumstantial evidence in support of the suggestion advanced in an 
earlier communication (Donhoffer and Vonotzky, in press) that the selective 
rise in carbohydrate consumption at low temperature may be due to changes 

in thyroid function. • u t j 

^ Considering the remarkable rise in consumption of carbohydra.te-rich food 
under the conditions described, it seems probable that the^ composition of food 
and thyroxine tolerance may be connected. This supposition was suggested by 
the results of Abderhalden and Wertheimer (1926) and Schlossman (1929) but also 
by analogy by the observations of Richter and co-workers (1936, 1938), accordmg 
to which sodium chloride intake of adrenalectomized and calcium intake of para- 
th 3 nroidectomized rats incteases considerably. The thesis that an increased in- 
gestion of carbohydrate protects the animal against the damaging effect of long 
continued thyroxine administration is not supported by the few experiments 
we have performed to test this hypothesis. Briefly the experiments were as follows 
Four groups of 10 mice were fed exclusively diets 1, 2, and 3, or the standard 
diet, and given thyroxine until death occurred. All showed the same ri^^ in basal 
metabolism and no significant difference in death rate was evident. Therefore 
no therapeutic inferences can be drawn from these exix^riments on the value of 
dietetic measures in hyperthyroidism. 


SUMMARY 


Prolonged administration of thyroxine considerably increased the food intake 
of white mice. The increase in food intake followed the rise of Oj-consumption 
after a lag of some days and persisted for a similar period after the fall in the 

rate of metabolism. . ^ • t j 

The additional calo: ies ingested during the effect of thyroxine were furnished, 
free selection provided, mainly, in many cases entirely, by consumption of starchy 
food At the height of the thyroxine effect this often provided 80 per cent of 
the calories, while in untreated animals 70 to 80 per cent were furnished by the 
selection of a fat rich food. 
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The natural advantages of the rat as an experimental animal have made it 
worth while to establish reliable methods for the estimation of renal function 
in this species. In 1942, two of the present authors presented a method using 
inulin and diodrast which gave reproducible results and was of value in com- 
parative experiments, although admittedly cumbersome (1). Dicker and Heller, 
in 1945, criticised the absolute value of the method since ether had been used 
and renal function probably considerably depressed (2). They presented a 
modified procedure which .was, however, still too cumbersome to be of value for 
large groups of animals. In both these methods, the emptying of the bladder 
at the start of the procedure and again ten to thirty minutes later entailed a dou- 
ble hazard, since incomplete drainage at the start or at the end of the clearance 
period would give abnormally high or low clearance values respectively. Fur- 
ther, no attempt had been made to determine whether plasma concentrations 
of the test substances measured at the end of the clearance period were valid 
for the whole of that period. 

More recently, Meyer Friedman has estimated the clearance of sodium p- 
aminohippurate (PAH) in the rat (3), but his methods are open to certain crit- 
icisms. It seemed to us that a useful clearance procedure should be established 
on a firm basis with some absolute validity and adapted for large series of ani- 
mals. P-aminohippurate, whose advantages are well known (4), was used 
throughout instead of diodrast. 

Experimental. The relation of dose to plasma level. Preliminary to arrang- 
ing a satisfactory clearance procedure, the response of the plasma level to ad* 
ministration of the test substance (inulin or PAH) was investigated. This 
was considered necessary if the test substance were to be given as a single dose 
without sustaining infusions and if a single blood sample were to serve as a guide 
to the plasma level during the test period. 

a. The PAH plasma level after injection. It was hoped that a quantitative pic- 
ture of the plasma level could be obtained by following a single subcutaneous 
administration of PAH. Since clearance is expressed in terms of plasma, while 
such curves could only be studied using small samples of whole blood from the 
tail, preliminary experiments were performed to determine whether the whole 
blood analysis could yield the plasma concentration by calculation. The method 
of Bratton and Marshall for the analysis of PAH was used (6). Male albino 
rats were injected subcutaneously with small quantities of PAH and samples 0{ 

1 This work was supported by a grant from the Life Insurance Medical Research Fund. 

* This work was done during the tenure of a Life Insurance Medical Research Fellowship. 
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blood taken by heart puncture. The hematocrit was determined and a sample 
of blood analysed directly. The remaining blood was then centrifuged and the 
supernatant plasma analysed. The precipitated red cells were washed with 
isotonic saline until the washings were free of PAH. The cells were then laked 
and analysed for their PAH content. Table 1 shows that the plasma level of 
PAH can be calculated accurately from the whole blood analysis if the hematocrit 
value is known. 

PAH as the aqueous solution of the sodium salt was then injected into normal 
rats. The desired doses, 30 to 100 mgm., were prepared by diluting the clinical 
20 per cent solution in 2 per cent sodium sulfate so that the required amount was 
contained in 4 cc. This quantity was injected subcutaneously and successive 
small samples of tail blood were analysed, 0.1 cc. of blood being used for the 
determination. Hematocrit values were determined at varying times in each 
experiment. As a final precaution, the PAH content of the final tail blood sam- 


TABLE 1 


BLOOD PAH A 

HEMATOCRIT B 

PLASMA PAH 

CELL PAH 

Analysed C 

Calculated 

A X [100+(100.B)] 

Analysed 

Calculated 
. rCx lOO-BT 

"^-L-ioo- J 

mgm. % 

% 

mgm, % 

mgm. % 

mgm. % 

mgm. % 

2.0 

46 

3.2 

3.1 

0.2 

0.3 

1.5 

45 

2.3 

2.3 

0.2 

1 0.3 

2.0 

46 

3.2 

3.1 1 

0.2 

0.3 

2.4 

48 

CO 

3.6 1 

0.2 

CO 

o 


pie was compared with that of heart blood obtained at the same time. Curves 
of this type and in this range were constructed for 14 adult male rats. 

As shown in figure 1, the 40 mgm. dose yields a steady plasma level. In this 
case, the value at 52 minutes was 5.2 mgm. per cent, while the calculated average 
for that period was 5.3 mgm. per cent. Doses above 40 mgm. cause the plasma 
level to rise to a maximum within approximately 30 minutes and then to fall. 
With smaller doses the peak level is reached more rapidly. Apparently, with 
doses above 40 mgm. the hippurate enters the blood faster than it can be cleared 
by the kidneys. Thus, where the dose of PAH administered is of a size to pro- 
duce a pronounced maximum in the curve, the end point plasma value may not 
represent the mean. Although the plasma concentration falls less rapidly after 
60 minutes, clearance determinations based on end point values obtained even 
beyond this time still deal with a rapidly falling curve. On the other hand, 
repeated curves obtained from animals given a 40 to 50 mgm. dose showed that 
a plasma sample taken 50 minutes after injection was representative of condi- 
tions existing over the entire period. 

These data indicate that the renal saturation level for PAH lies in the neigh- 
bourhood of 6 mgm. per cent. No variation in hematocrit was noted despite 
the repeated small bleedings and there was close agreement between the last tail 
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blood analysis and the analysis of the simultaneous heart blood sample. The 
curve shown in figure 2 indicates that even with low doses, end point plasiha val- 
ues may be misleading. In this animal, the plasma level rose slowly to 6.3 
mgm. per cent, then fell rapidly to 3.6 mgm. per cent at 54 minutes, a value not 
truly representative of the mean. Numerous experiments have shown that when 
the 50 minute plasma value lies below 4.5 mgm. per cent, the curve may be of 
this type. 



Fig. 3. The relation of plasma concentration 50 minutes after subcutaneous administra- 
tion of various doses of PAH. 


Two conclusions with regard to clearance procedures for PAH using the 
single dose technique follow from this analysis. 1 . If the clearance period begins 
immediately after injection and lasts 50 minutes, a steady plasma level can be 
maintained by a suitable dose. 2. If the clearance period starts 30 or 60 minutes 
after injection, requiring a larger initial dose of PAH, a variably falling plasma 
level during the clearance period results. 

To ascertain the dose of PAH necessary to yield correct plasma levels 50 min- 
utes after injection in different size animals, a large series of determinations was 
carried out. The data are summarised in figure 3. The plasma concentration 
50 minutes after injection is almost linearly proportional to the dose adminis- 
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tered. The dose is not sharply critical, a difference of 10 mgm. producing a 
change in plasma level of approximately 2 mgm. per cent. In this composite 
curve a slight break occurs in the 40-50 mgm. dose range, corresponding to 
5-7 mgm. per cent in the plasma. This break, not very apparent in the over all 
grouping of animals weighing 100 to 200 grams, was very obvious with a more 
restricted weight grouping. Thus, for animals weighing 120 to 140 grams, and 
140 to ICO, the curve breaks sharply between 5 and 7 mgm. per cent, a further 
indication that this is the level of renal saturation. 

b. The inulin plasma level after injection. As in the case of PAH it was of 
importance to investigate the variation of the plasma concentration with time 
after the administration of inulin. This problem was not studied previously 
because of the lack of suitable chemical, procedures. With the publication by 
Harrison (6) of a method which could measure as little as 27 of inulin it became 
feasible to investigate this problem provided that 1, the plasma value could be 


TABLE 2 


BLOOD INULIN 

PLASMA 

INULIN 

Calculated 

Analysed 

mgm. % 

mgm. % 

mgm. % 

6.5 

13 .0 

14.0 

10.0 

20.0 

20.8 

8.0 

16.0 

15.6 

13 .5 

27.0 i 

26.5 


obtained from the whole blood value by calculation, and that 2, in view of the 
amnll size of the sample, the necessity for yeast treatment to remove fermentable 
sugars could be avoided. 

It was expected that no inulin would enter the red cell. Thus, assuming a 
hematocrit of 50 per cent (normal for the rat) the plasma concentration should 
be twice that of the blood. A series of animals was studied to satisfy this assump- 
tion. Inulin was injected, a blood sample taken, and the inulin content of both 
blood and plasma determined. Table 2 presents typical data, and shows that 
the whole blood concentration obtained by analysis is directly convertible to 
the plasma value providing the hematocrit remains unchanged. 

In the analysis of whole blood it was found that the inulin content could be 
estimated without yeast treatment by subtracting a blank blood value obtained 
from the same animal before the administration of inulin. Indeed, a calibration 
curve for inulin in blood differed from the aqueous curve only by the blank value 
of the particular blood used to establish the curve (fig. 4). Investigation of a 
series of normal animals showed that this blank value was fairly uniform. 

A 2 per cent solution of inulin in saline was then prepared, adsorbed on char- 
coal while hot, and filtered hot through a Seitz EK disc. Three cubic centi- 
meters (60 mgm.) of this inulin solution were injected intraperitoneally to msure 
uniform and rapid absorption into the blood stream. In our experience inulin 
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solutions are poorly absorbed from the subcutaneous tissues. The typical plas- 
ma concentration curves for a series of animals are shown in figure 5. 

From a study of such curves it appeared that the intraperitoneal injection 
of this amount of inulin yielded a plasma concentration which increased smoothly 
for at least 50 minutes. The mean value of the inulin concentration in plasma 
for that period corresponded closely to two- thirds of the value obtained by analy- 
sis of a sample taken at 50 minutes. 



Fig. 4. The colorimetric reading of inulin in blood is the sum of its inulin content plus 
the blank value for whole blood. 

The clearance of inulin and PAH. It became increasingly clear that for the 
determination of both inulin and PAH clearances, an experimental period ex- 
tending for 50 minutes from the time of injection was an eminently suitable 
arrangement. Not only are the plasma concentrations reasonably steady, but 
in addition, the necessity of draining the bladder at the start of the period is 
eliminated. This diminishes the hazard of incomplete urine collection. Based 
on this, a series of clearance determinations were carried out in normal male 
rats. Although the clearance of inulin and PAH were determined simultaneously, 
for convenience in discussion they will be separately presented. 

a. The clearance of inulin. The clearance of inulin. Cm, was investigated 
in 60 adult rats. The average values obtained were plotted against the plasma 
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concentration, which ranged from 30 to 60 mgm. per cent. The inulin clearance 
was independent of plasma level in the range investigated ; the average value for 
CiN when the plasma concentration was 31-40 mgm. per cent was 0.72 cc./lOO 
grams/min., when 41-50 mgm. per cent, 0.75 cc., and when 51-60 mgm. per cent, 
0.70 cc. In these experiments urine flow was not excessive, averaging 0.5 to 
0.7 cc./hour, and inulin clearance was independent of the rate of urine flow. 



Fig. 5. The plasma concentration of inulin after intraperitoneal administration of an 
aqueous solution in three animals. 


b. The clearance of PAH, According to the classical work of Smith and his 
co-workers (7, 8) the clearance of a substance which is wholly removed from the 
plasma during one passage through the kidney measures the renal plasma flow. 
The clearance of this substance will be independent of its concentration in the 
plasma providing this does not exceed the capacity of the tubules. When the 
plasma concentration exceeds the saturation level of the tubules, further excre- 
tion becomes referrable only to filtration, and the clearance is depressed. 

In figure 6 the clearance of PAH, Cpah, is plotted against the 50 minute 
plasma concentration. The data were obtained from the same 60 animals dis- 
cussed above. It is evident that the clearance is independent of plasma level 
where this is not less than 4.5 mgm. per cent nor more than 7 mgm. per cent. 
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Above 7 mgm, per cent the clearance is progressively depressed while, on the 
other hand, abnormally high clearance values are obtained when the concentra- 
tion falls below 4.5 mgm. per cent. This latter finding is interpreted as a con- 
firmation of the caution stated previously, that a 50 minute plasma level below 
tubular saturation probably reflects a falling curve during the clearance period. 
Such end point values are lower than the true mean and hence yield falsely^high 
clearance values. 



Fig. 6. The clearance of PAII at various plasma concentrations. Each point is the 
average of determinations in several animals weighing 120 to 160 grams. 


c. The measurement of tubular mass. The tubular excretion, T, of a test sub- 
stance is the minute urinary output of that substance less the amount excreted 
by filtration. In calculating T, since the water content of plasma, W, is rela- 
tively constant at about 0.9, it is taken as unity. Similarly, for those plasma 
concentrations under discussion a negligible error is introduced by considering 
the freely filterable fraction of PAH, F, to be constant at 0.8 (4). 

Once the tubules are saturated, T becomes a constant, Tm, which reflects 
the amount of functional excretory tubular tissue. As shown in figure 7 the 
saturation level, where T becomes a constant, is again 5 to 7 mgm. per cent. 
Beyond 7 mgm. per cent a secondary rise in T is observed. This is expected, 
since no correction was made for the change in F as the plasma concentration 
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increased. Moreover, above tubular saturation the curve of plasma concentra- 
tion for the period is humped and the 50 minute plasma level used in the calcula- 
tion of T is lower than the actual mean plasma concentration for the period. 

It is important, therefore, in the study of clearance values in normal animals 
that the terminal plasma level of PAH lie within a restricted range, if values 
derived are to have absolute as well as relative meaning. 

Procedure for the simultaneous determination of inulin and PAH clearances in 
large series. In designing a clearance procedure applicable to the study of large 



Fig. 7. Tubular excretion of PAH at various plasma concentrations. Each point is the 
average of determinations in several animals weighing 120 to 160 grams. 


series of animals the method should be as simple as possible. To effect this the 
inulin and PAH analyses were modified so that they could be carried out simul- 
taneously a-s far as possible. The animal and analytical procedures were as fol- 
lows. 

Animal methods. Four cubic centimeters of PAH solution (12.6 mgm./cc. in 2 per cent 
sodium sulfate) are injected subcutaneously in the lumbar region. The 50 mgm. dose will 
yield the correct plasma level in almost all animals of 160 to 210 grams. If the weight is 
120 to 160, a 45 mgm. dose suffices, while for animals of 220 to 260 grams the dose may be 
raised to 55 mgm . 

Immediately following this, 3 cc. of warm inulih solution (2 per cent inulin in saline) is 
injected intraperitoneally. Although the inulin solution in the earlier experiments was 
treated to remove pyrogen, we have latterly found this unnecessary . The collection period 
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is timed from the completion of the second injection. The rat is placed directly into a 
metabolism funnel. Fifty minutes after injection the rat is picked up over the funnel and 
the bladder drained by suprapubic pressure. Micturition is usually quite free and spon- 
taneous, however. Immediately following urine collection 0.75 cc. of blood is obtained by 
heart puncture, using a 24 or 26 gauge needle. With* practice, the blood is taken during the 
61st minute. The animal is then returned to its cage unharmed and the blood centrifuged 
for 15 minutes at high speed. 

The funnel is rinsed thoroughly and urine and funnel washings made up to a total volume 
of 100 cc., 0.2 cc. of which is used for the analytical procedure. If the diluted urine is heav- 
ily contaminated with feces it may be cleared by filtration; under ordinary circumstances, 
however, it remains reasonably clear. Attempts to filter the urine directly by devices within 
the funnel are not advisable since there may be the loss of a drop of urine containing a 
high concentration of the test substances. Urine made up as above yields a negligible 
blank value for both PAH and inulin despite feces contamination. 

Chemical methods, 1. Add 0.2 cc. plasma to 6 cc. distilled water, rinsing the pipette 
thoroughly. 

2. Add 2 cc. of 13 per cent trichloracetic acid. Shake and centrifuge at moderate speed 
for 5 minutes. 


PAH 

3a. To 3 cc. of supernatant add 0.3 cc. of 
0.1 per cent sodium nitrite. Shake and al- 
low to stand for 3 minutes. 

4a. Add 0.3 cc. of 0.6 per cent ammonium 
sulphamate. Shake and allow to stand for 
3 minutes. 

5a. Add 1.5 cc. of 0.1 per cent N-(naph- 
thyl) ethylene diamine dihydrochloride. 
The color develops rapidly. Allow to stand 
10 minutes, then transfer to a micro color- 
imeter tube for reading in a photoelectric 
colorimeter using a 525 /x filter. The color- 
meter is set to zero with a colorless reagent 
blank. 


Inulin 

3b. Place 2 cc. of supernatant in a boiling 
tube. 

4b. Add 4 cc. of Hairison's reagent 

5b. Place the tube in boiling water for 
30 minutes, cool at room temperature for 
30 minutes, transfer to a micro colorimeter 
tube and read in photoelectric colorimeter 
with a 625 /u filter. The colorimeter is set to 
zero with a reagent blank. 


Experiments with rat plasma show a negligible blank for PAH and a small relatively con- 
stant blank for inulin where the solutions are free of turbidity. At inulin plasma levels 
above 30 mgm. per cent the blank value may be ignored. 

Urine diluted as stated in the section dealing with animal methods is handled in the 
same way as plasma, 0.2 cc. being further diluted in 6 cc. of water and exposed to the pre- 
cipitating agent. 

Using this technique, the animals are conveniently handled at the rate of 16 a day by one 
operator and one analyst. 

In calculating the normal clearance values obtained where the terminal PAH 
level is between 5 and 7 mgm. per cent it was observed that renal function did 
not increase in direct proportion to body weight, so that expressing results in 
terms of 100 grams yielded lower values for larger animals, as seen in table 3. 
This difference disappeared if the results were corrected according to kidney 
weight using the formula of Braun Menendez (9). The formula, y (kidney 
weight) = 2.06 x (body weight) + 277, is in reality only a special case of the 
general power formula y = ax\ where a and h are constants; kidney weight is 
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actually a function of surface area. Meeh’s application of the power formula to 
surface area in the rat, 3/(cm*) = 11.23 weight was applied to the data and 
table 3 shows the identity of values obtained for the two series of animals when 
the data were recalculated for lOQ cm^ 


TABLE 3 


GEOUP 

NUMBER OF 
ANIMALS 

j WEIGHT 

CiN 

CC./lOO G. 

CPAH 
CC./100 G. 

TmpAH 
MGM./IOO. G. 

Cm 

CC./100 C3i». 

CpAH 
CC./lOO CM* 

TmpAH 
MOM./100 CM* 

1 

8 

gms. 

142 

0.84 
db 0.06 

6.02 
d = 0.36 

0.23 
=t 0.01 

0.39 
± 0.02 

2.32 
± 0.17 

0.10 
± 0.01 

2 

8 

177 

0.69 
=t 0.10 

4.40 
=t 0.34 

0.19 
± 0.01 

0.36 
± 0.04 

2.31 
± 0.18 

0.10 
± 0.01 


TABLE 4 


NO. 

WT. 

Cm 

CC./lOO CM* 

CpAH 

CC./lOO CM* 

TmpAH 
MGM./IOO CM* 

X 100 

CpAH 

CpAH 

TmpAH 

1 

155 

0.36 

2.16 

0.11 

% 

16.7 

19.1 

2 

154 

0.38 

2.20 

0.10 

17.5 

21 .2 

3 

146 

0.39 

2.40 

0.10 

16.6 

22 .4 

4 

153 

0.36 

2.59 

0.10 

13.8 

25.6 

5 

147 

0.40 

2.45 

0.11 

16.5 

22.0 

6 

148 

0.42 

2.33 

0.12 

1 18.0 

19.2 

7 

140 

0.42 

2.07 

0.10 

20.4 

19.7 

8 

140 

0.41 

2.41 

0.10 

17.1 

24.1 

9 

175 

0.29 

2.13 

0.09 

13.6 

22.5 

10 

168 

0.39 

2.32 

0.10 

17.0 

22.3 

11 

186 

0.36 

2.23 

0.10 

16.4 

22.0 

12 

188 

0.35 

2.18 

0.08 

16.0 

23.0 

13 

175 

0.27 

2.14 

0.10 

13.1 

21 .7 

14 

168 

0.36 

2.32 

0.09 

17.0 

25.2 

Average . . 
S.D 


0.36 

± 0.04 

1 

2.31 

± 0.18 

0.10 

± 0.01 

15.7 

± 2.3 

22.1 

± 2.0 


In table 4 normal clearance values obtained from 14 animals selected at random 
from our large series are shown. The results group closely as shown by the low 
standard deviation in each case. 

Discussion. In the original attempt to apply the inulin and diodrast clear- 
ance methods to the rat the importance of a representative plasma sample was 
recognized. A clearance period of one hour w^as used and a mid point blood sam- 
ple obtained. Since one hour had been allowed for equilibriation of the test 
substance before beginning the clearance period it was felt that the slope of fall 
of the plasma level during the second hour would be uniform and a mid point 
sample woisdd accurately represent the mean. While consistent results were 
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obtained with the method it was admittedly laborious. Dicker and Heller 
(2) modified the technique to use a short clearance period of 10 to 30 minutes and 
introduced the device of a terminal blood sample as an estimate of the mean. 
It was not practical to test the validity of this end point determination since the 
diodrast analysis required sizable amounts of plasma and precluded the possi- 
bility of studying a plasma curve. 

More recently Meyer Friedman (3) has studied the clearance of PAH in the 
rat and arrived at certain interesting conclusions. His method is open to consid- 
erable criticism, however, in the light of the present findings. For example, 
he studied the clearance of 100 mgm. of PAH in the hour following subcutaneous 
injection. This amount gives a markedly humped plasma curvT. and is well 
above the saturation limit. We cannot but feel that the ensuing end point plasma 
levels, as published, are essentially meaningless. 

Dicker and Heller reported no variation in the inulin clearance with urine 
flow in the range studied. The present observations confirm these findings for 
low rates of urine formation (up to 0.75 cc./hr.). On the other hand, both Fried- 
man (3) and Braun Menendez and Chiodi (10) have shown an increase in the 
inulin clearance with higher flows. Estimates derived from Friedman’s data 
indicate that Cpah is actually increased by the excessive hydration, and this 
increase in renal plasma flow would seem the obvious explanation for the in- 
creased glomerular filtration rate observed. It does not seem over-cautious 
to assume that urine flow rates exceeding 1 cc. per hour involve far reaching 
changes in renal hemodynamics which invalidate any attempt to interpret the 
clearance values obtained. 

The clearance data of Braun Menendez and Chiodi are especially interesting. 
Their data are complicated by the presence of hydration since they were in- 
terested in this particular feature, but, in general, using a technique similar to 
that of Dicker and Heller they obtained values for Cm and TmD of the same 
order as those here presented. Similarly, Cd was comparable to the normal 
value here given for Cpah when urine flow was of similar magnitude and plasma 
diodrast did not exceed 3.5 mgm. per cent iodine. 

In the present series the normal renal plasma flow, Cpah, is higher than that 
previously reported and the CpAn/TmpAH ratio higher than in any other 
species yet studied. It is not unexpected that this should be so when, for exam- 
ple, the normal pulse rate in the rat is approximately 300 per minute (11) when 
compared with 70 for man. 

SUMMARY 

1. Renal function has been investigated in the rat using inulin and sodium 
p-aminohippurate. 

2. The calculation of results is most suitably based on surface area. The 
normal values obtained, expressed per 100 cm^ of body surface are as follows: 
Cm 0.36 it: 0.04 cc./min.; Cpah 2.31 db 0.18 cc./min.; TmpAH 0.10 db 0.01 
mgm. /min.; F. F. 15.7 per cent rb 2.3; and CpAn/TmpAH 22.1 it 2.0. 

3. Renal plasma flow per unit of tubular excretory tissue is greater than in 
other animals investigated and may be related to hemodynamic differences. 
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In a previous communication (1) a pressor principle was described which was 
found to appear in the blood plasma of cats that had died of several causes or 
that had been subjected to a period of hemorrhagic hypotension. The pressor 
principle was found in the plasmas of cats in which the kidneys remained intact 
but not in the plasmas of cats which had previously been nephi-ectomized. This 
pressor substance appeared to be characterized by its ability to cause a sustained 
elevation of blood pressure (BP) when injected intravenously into cats nephrec- 
tomized 1 to 2 days before, and contrariwise, the elevation in BP was slight and 
not sustained when the same material was injected into normal non-nephrec- 
tomized cats. These findings suggest that the kidneys are concerned in the pro- 
duction of this pressor principle and that they may also be the source of its in- 
hibitor or antagonist. 

It was also reported (1) that when kidney extract containing renin was in- 
jected into nephrectomized cats the resulting pressor response often did not 
subside completely, a sustained elevation of BP 10-15 mm. Hg above the base 
level being observed. 

This observation suggested the possibility that the kidney extract might con- 
tain the sustained pressor principle in addition to renin, and that if larger quan- 
tities were administered over a longer period of time a substantial quantity of 
the pressor principle might be recovered from the cats^ blood. Such a finding 
would offer further support for the renal origin of the principle. 

Methods. The kidney extracts were prepared from kidneys removed from 
normal cats under anesthesia. One hundred grams of whole kidneys were 
stirred in a Waring Blendor with 300 ml. of 2 per cent sodium chloride solution, 
after which glacial acetic acid was added to a concentration of 2 per cent. The 
insoluble material was removed by centrifugation and discarded. To the super- 
natant fluid ammonium sulfate solution was added to 0.6 saturation. The re- 
sulting precipitate was collected on Buchner funnels, suspended in water, and 
dialyzed 16 hours or until free of ammonium sulfate. The supernatant fluid 
from the material remaining in the sac was used as the kidney extract. 

The extracts were injected intravenously into 3 series of anesthetized cats: 
1, unoperated normal animals; 2, those bilaterally nephrectomized approximately 
one-half hour before, and 3, those nephrectomized 2 days before. The extracts 
(representing 13-34 grams of original kidney) were given in repeated doses over 
a period of 1 to 2 hours and, after varying amounts of time following the last 
injection, the cats were bled using heparin as the anticoagulant. 
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The plasmas obtained were assayed for their ability to cause a sustained 
pressor response. For this test, 2 ml. quantities were injected intravenously 
into pithed cats, the kidneys of which had been removed 2 days before. The 
technic for preparing the animals has been described elsewhere (1). With one 
exception each plasma was tested on two or more cat preparations and its activ- 
ity evaluated by measuring the sustained elevation in BP in millimeters of 
mercury (see legend, fig. 1). 

Results. In figure 1 is presented a summary of the pressor assays of the cat 
plasmas. Those from the “2-day nephrectomized'’ cats were, in general, quite 
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Fig. 1. Graphs showing sustained pressor activity of plasmas recovered from 3 groups 
of anesthetized cats given cat kidney extract intravenously; upper row, “2-day nephrec- 
tomized”; middle row, acutely nephrectomized ; bottom row, non-nephrectomized. * 
number of grams of original cat kidney from which the kidney extract injected was derived, 
t— number of hours elapsed after last kidney extract injection before cat was bled to obtain 
plasma. Fach bar represents an individual test in a separate pithed cat. Ordinate scales 
indicate magnitude of sustained pressure elevation. =b 5-10 mm. Hg; -f- 10-25 mm. Hg; 
H — h 25-45 mm. Hg; -1 — i — h 45-65 mm. Hg; 4-+H — h 65 mm. Hg or greater. 


active and the sustained pressor responses compared in magnitude with those 
obtained with the injection of hemorrhagic shock plasmas (1). The plasmas 
from both the non-nephrectomized and the acutely nephrectomized cats usually 
showed distinctly less activity with only minimal or 1-plus sustained pressor 
responses. The plasmas from the acutely nephrectomized animals did not 
exhibit significantly greater sustained pressor activity than those from the non- 
nephrectomized cats. 

Since large quantities of renin were present in the kidney extracts adminis- 
tered to the cats, the amounts of renin remaining in the plasmas were determined. 
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For tlio renin assay, 3 ml. ol substrate soliitiorF were inenliated for J hour at 
37°(^ with 1 nil. ol saline and 1 ml. of (^at plasma made anji;iotonase-free by the 
method of Hraiin-Men6ndez vi al. (2). Dilute 11( 3 was then add(‘d to pH 5.1- 
5.3 and the mixture heatc'd to 1()()°(3 lor 10 minutes. 33ie coagulated protein 
was T’emoved by centrifugati('n and an alicpiot of the clear supernatant fluid 
injected into pithed cats. Control mixtun’s were similarly made from the same 
materials, Init w(‘re incubabal separately. Jty this method of assay, only a 
\’(‘ry small amount ol renin was lound in any ol tlie acti\'e cat plasmas and in 
several the pr(\sence ef i'(‘nin was bar('ly d(‘t(H‘tabl(‘. 

hA’i(k‘nc(' that the sustained pressor activity ol th(‘ plasma was not du(‘ to the 
small (luantity ( f i-(vnin pix'sent was obtain(‘d by inj(‘cting into a test cat an amount 
ot dilut('d kidney extract which was shown by assay to have tlie same renin con- 
tent as that ol 2 ml. ol ti e cat plasma. .\ transicmt, almost iK'gligible (‘k'vation 



Fi^r. 2. Mviiu blood pro.sKSuro tracing of pitli(‘d cat ncplircctomizcd 2 day.s before. IV 
injection: I, 0.002 nil. of cat kidney (‘xtract ; 2, 2 ml. of pla.sina obtained from a “2-day ne- 
plirect omized cat 2 hours after last injection of kidney extract, total quantity of which 
was derived from dO grains of kidney tissue. The 0.002 ml. of kidney extract contained the 
sanu' (luantity of nmin as tlu' 2 ml. of cat jdasma. Time marker 1 minute. 

in IH’ r(‘sult(‘d Irom tlu' kidney extract injection, but the plasma prodtua'd a 
mark(Ml and sustaiiual HP rise* (see tig. 2). 

Attempts w(‘r(' made to produce* the sustain(*d prt'ssor principle in vilro by 
incubafing for 3 hours, at 37°C., mixtures of small (piantities of kidney extiact 
and plasmas fn in cats nephrt*ctomizcd 2 days before, with or without the* adeli- 
tion e)f angioti nase* pix'pared fremi hemolyzeei reel cells. Injee'tiem eif the incu- 
bateel mixtures into test e*ats e*aused transient elevatieins of HP whie*h we*re nei 
dillerent Irom the)S(* resulting from the inje*ctie>n of the kieine*y extiae*t alone. 

DiseuissiON. The* present experiments eiffer further support for the lx*lief 
that the* kidneys are e*e)nce*rneel in the proeluction e)f tlie sustained pressor prin- 

* The renin substrate i)r(‘])ared from hog s(*rum was made angiotona.si'-frei' by adjusting 
to pH 3.5 witli lactic acid and incubating 20 minutes at 37"C. The solution was then neu- 
tralized with NaOIl. 
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ciple. lOvidence now available indicates that it may be a new and ^parate 
entity, distinguishable by stwcral means from other known pressor substances 
origiLing in the kidney. In favor of the hypothesis that the kidney extract 
contains the pressor principle in addition to renin are the obseivations tha^. 

1 small but definitely sustained elevations of BP are observed when very small 
quantities of kidney extract arc given intravenously to “2-day ncphrectomizec 
cats- 2, large amounts of the pressor principle but only very small amounts o 
renin are recovered from the plasma of cats given large quantities of kidney 
extracts- and 3, incubation of kidney extract with blood plasma obtained from 
“2-day nephrectomized” cats <loes not cause the formation of dcteid-able amounts 
of the sustained pressor principle. With intravenous administration the ani- 
mal may lie able to destroy, fix in the tissues, or otherwise inactivate the lenin, 
leaving unaltered the more duralile pressor principle in the blood stream. I low - 
ever the possibility has not teen excluded that the enzyme, renin, may lorni 
another pressor agent which is mvudi more stable in mvo than angiotonm, but, 
unlike angiotonin, is labile to heat in vitro and is nondialyzable fl ). 

The relatively large yield of active pressor material obtained from 2-< a> 
nephrectomized” cats and the recovery of only small amounts irom norma 
cats given kidney extract imply a possible inhibitory influence aft ributable f o 
the presence of the kidneys in the latter animals. However removal oi flu 
kidneys immediately prior to the injections of kidney extract did not signihcantly 
increase the amount of pressor material in the cat plasmas. 1 he actual presc.nee 
of the kidneys in the animal therefore (cannot be regarded as the factor primanly 
responsible for the diminished yield of the ai-tive pressor agent. 

SUMMARY 

Kidney extracts prepared from normal (uit kidneys wme injected 
into three series of anesthetized cats: 1, unoperated normal animals; 2, those 
bilaterally nephrectomized one-half hour tefore, and 3, those 
2 days before. Plasma from blood drawn varying periods of time iollowing the 
injections was tested for the presence of the pressor principle capable ot causing 
a sustained elevation of blood pressure in test cats which had been nephie, - 

^"RelatiwIriaS^flianti of the pressor substance were found to be present 
in the blood plasmas from the “2-day nephrectomized” animals "I”'*' 
small amounts were present in plasmas from the normal cats and from those 
which had teen nephrectomized immediately before the kidney 
tions The actual presence of kidneys in the animal dees, not appear to be t 
factor primarily responsible for the diminished quantities oi sustained pressor 

material recovered in the latter plasmas. . . ^ i ^ 

The amount of renin remaining in the plasmas from the injec e ca s was 
small and in several instances was barely detectable . Control injections of . 
minute amounts of renin into test cats caused only small, unsustained presso 

responses. 
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The present experiments suggest that the sustained pressor principle may be 
a new and separate entity, physiologically distinct from renin, but extractable 
from kidney tissue along with renin. 

We wish to acknowledge the technical assistance of Robert M. Sanders, 
William R. Cherry and Ora A. Harvey. 
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Gasping in the isolated ischemic rat head has been used to determine the influ- 
enoe of drugs and of other factors on survival of this primitive respiratory mech- 
anism during asphyxia (1-5). The advantages of this simple technique, wWch 
requires little time and less equipment for the study of various pha^ of respirar 
tory center activity, are obvious. The purpose of these investigations is to 
examine the neurological basis of the mandibular respiratory movement, to 
which the meaning of the term “gasp” will be restricted, and to analyse the 
effects of oxygen lack and carbon dioxide excess. 

Methods and results. Discharge time. Selle has shown that the survival of 
gasping is inversely proportional to age for animals, up to or slightly past the 
weaning period. A graph of this function for the animals in our colony was es- 
tablished (fig. 1) as a base of reference. The method and apparatus used for 
decapitation were sinoilar to those described previously (4). Since there is no sex 
variation within any given age group, both male and female rats, of the Wistar 
strain, were used. They received no special treatment prior to decapitation. 
All measurements are given in terms of '‘discharge time,'' the interval between 
the first and last gasps. This measurement was used rather than survival time, 
measured from the time of decapitation, because it represents a unit of respiratory 
response, which indicates a certain minimum activity of the respiratory center. 
It is comparable in procedures which induce gasping after widely vaned times, 
such as decapitation and nitrogen inhalation. 

It has been shown that, in young animals particularly, two senes of gasps, 
separated by a period of apnea, occur (1, 4). The use of substances preventing 
oxidative or anaerobic reactions has shown that the first series of gasps depends 
on aerobic mechanisms, the second on anaerobic ones. 

Figure 1 represents a total of 220 animals evenly distributed throughout the 
age range. The curve showing discharge time also represents, of course, the end 
of the second series. The initial period of apnea following decapitation averages 
4 seconds (3.2-5.0); the first series of gasps averages 3 seconds (0.5-6.7) and 4.5 
gasps (1-8); and the period of apnea between the two gasp series averages 16 
seconds (13.5-20.0). All these values are constant throughout the age range. 
In contrast, the second series of gasps decreases in duration and number, which 
vary together, by over 25-fold between one and five weeks of age; and thus con- 
trols variation in discharge time. A separate brain enzyme system promoting 

1 The present investigation was aided by a grant from the Dr. Wallace C. and Clara C. 
Abbott Memorial Fund of The University of Chicago. 
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anaerobic oxidations is probably involved in the second series. Its value to the 
relatively hypoxic fetal organism is obvious. 

Reflex nature. In a preliminary report (6) it was shown that only when the 
carotid bodies remain connected to the brain does gasping occur. This was es 
tabUshed for the decapitate rat and the dog with clamped trachea. To further 



SECONDS 

Fig. 1. Showing that variation of mandibular time with age in the untreated isolated ra 
head is entirely a function of the second anaerobic series of gasps. Each pair of points 
represents the mean value from five rats of the same age. Discharge time is measured 
from the first gasp; not from the point of decapitation. 

TABLE 1 


Showing the necessity of the carotid reflex mechanism in gasping produced by 
tracheal occlusion or cyanide poisoning 
Rats were four weeks old. Bracketed figures give range. 



GASPING PBODUCED BY TBACHEAL 
OCCLUSION 

GASPING PKOOUCED BY CYANIDE POISONING 

Number 
of rats 

Average 
discharge time 

Average 
number of 
gasps 

Number of 
rats 

Average 
discharge time 

Average number 
of gasps 



sec. 



sec. 


Carotid mechanism 







intact 

10 

138 

20 

10 

851 

153 



(126-144) 

(17-24) 


(709-883) 

(141-163) 

Carotid mechanism 







denervated 

10 

0 

0 

10 

0 

0 


substantiate the reflex nature of gasping, when produced by procedures other 
than decapitation, tracheal occlusion was performed on rats with denervated 
carotid bodies and the discharge times recorded. Four-week old rats were 
operated under chloralose, which has been shown to potentiate carotid reflexes 
and increase discharge time (6). In ten rats, denervation was completed; in ten 
similar controls a dummy operation was performed. As shown in table 1, only 
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the control group showed gasping. The denervated animals developed hyperp- 
neic respiratory movements ^ter occlusion of the trachea, but at no time did 
mandibular movements accompany these efforts. 

In a similar series, gasping due to cyanide poisoning was also shown to be 
entirely a carotid reflex response. All animals given potassium cyanide (10 
mgm. per kilo i.p.) died, but only those with innervated carotid bodies gasped 
(table 1). 

The respiratory center. Having established the character of the carotid- 
mandibular respiratory reflex, the question arises as to which link in this reflex 
arc is the first to fail during anoxia and asphyxia. Since the carotid body chemo- 
receptors continue to discharge maximally for 20 to 30 minutes after death (7), 
one may safely assume that gasping does not cease through failure of these ele- 
ments. That the efferent limb of the arc is similarly still functional when gasp- 
ing ceases, was shown by testing the linguo-mandibular reflex. This also involves 
the motor muscles and peripheral connections of nerves V and VII, and could be 
elicited for a short time after gasping had ceased. Possible current leakage from 
the stimuli applied to the tongue was excluded by careful insulation. The 
respiratory center, then, must be the weakest link in the reflex chain, and dis- 
charge time is a measure of survival of that aspect of the respiratory center 
concerned with the gasping reflex. 

Control of gasping. In the decapitate preparation, the tension of oxygen in 
the respiratory center and carotid bodies begins to fall, and of carbon dioxide to 
rise, at once. The roles of hypoxia and hypercapnia in gasping and the locus of 
action were determined as follows. 

A two-liter glass chamber was filled with a desired N 2 -CO£ mixture by water 
displacement, an 11-day old-rat introduced, and the system continuously flushed 
with the water-saturated gas mixture at 800 ml. per minute. lAventy animals 
were run at each of eight atmospheies. After placing an animal in nitrogen, a 
period of violent struggling began within twenty seconds and lasted for about 
fifteen. Near the end of this time, an intense apneic gasping began to accompany 
each inspiratory effort. The mandibular movements then gradually became less 
marked until they were no longer visible (discharge time endpoint), although 
contraction of the diaphragm and intercostal muscles continued tor a short while. 
The average discharge times are sliown in figure 3. In 100 per cent nitrogen 
this is 142 seconds, 58 seconds less than that after decapitation. (Controls 
of same strain, age, diet, season.) With increasing CO 2 , to 35 per cent, anoxic 
discharge time increases, to a maximum of 320 seconds, and then declines again. 
Discharge time varies directly with the total number of gasps, the intervals 
between gasps being essentially constant. 

It is concluded that anoxia alone can promote respiratory activity at the gasp- 
ing level, but that maintenance of gasping is enhanced by hypercapnia, as in 
true asphyxia. 

The gasping pattern elicited by exposure to anoxic and hypercapnic at- 
mospheres indicates a continuous and constant level of discharge, with no 
grouping into the two separate series of the young decapitate preparation. 
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Nevertheless, iodoacetate (1.0 mgm. i.p., 15 min. before anoxia, 45 rats) cut 
the average discharge time to 20 to 30 seconds, regardless of carbon dioxide 
concentration. Since iodoacetate eliminates the second series of gasps in the 
decapitate preparation by interference primafily with the anaerobic oxidative 
mechanisms (4), it would seem that in the simple anoxic preparation, also, aerobic 
processes support the initial gasps, and anaerobic ones the later gasps. And, 
as in the variation of discharge time with age, the differences in discharge time 
with changing carbon dioxide tension reflect only the duration of the anaerobic 
series of gasps. 

The effect of hypercapnia without anoxia was tested by placing similar rats in 
atmospheres of carbon dioxide and oxygen. With increasing carbon dioxide 



DISCHARGE TIME IN SECONDS 


Fig. 2. Showing the effect of various carbon dioxide concentrations on discharge time 
of untreated 11-day old rats placed in Oa-free atmospheres. Each bar represents the mean 
value from 20 animals placed in the indicated N 2 -CO 2 mixture. Low^est t value is 30. 
The shaded bar indicates discharge time for the comparable isolated head preparation. 

concentration, up to 35 per cent, no gasps were evoked, even on prolonged ex- 
posure. Higher concentrations of carbon dioxide produced erratic gasping 
patterns and death. Since concentrations of this magnitude markedly decrease 
the oxygenation of the blood and interfere with tissue oxidations, a factor of 
hypoxia cannot be eliminated. It is obvious that hypercapnia alone has little 
ability to produce gasping. Anoxia supplies the main drive and CO 2 concentra- 
tion modulates it. 

To determine the site of action on the gasping reflex, a preparation was de- 
vised whereby the chemical environment of the carotid chemoreceptors and that 
of the respiratory center could be varied independently. This involved per- 
fusing the carotid bodies, isolated from the main vascular system, with the circu- 
lation from another animal, similar to the method of Heymans, et al. (8). Two 
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male rats were anesthetized with chloralose. Both carotid forks of one were 
isolated and perfused by blood from and returning to the carotid arteries of 
the second (fig. 3). Since the respiratory center is chiefly supplied by the 
vertebral and spinal arteries, ligation of the common carotid arteries of rat 1 
caused little impairment of medullary circulation. Heparin (0.02 gram per 
kilo i.v.) was administered to rat 2 at the end of the operation. 

Rat 2 functions as a perfusion pump and also, since its own carotid bodies are 
intact and receiving their usual blood supply, as an indicator. When it gasps, 
the blood perfusing the carotid bodies of rat 1, as well as its own, is obviously 



Fig. 3. Diagram of the method used to perfuse the carotid body of one rat (white malo 
200 grams) with blood from a similar animal. The common and internal carotid arteries 
were cannulated with polished hypodermic needles and rubber tubing was used for con- 
nections. Rat 2 is heparinized to prevent coagulation. The T-tube tracheal cannulae 
lead to valves by which different atmospheres can be administered. 

capable of initiating the gasping reflex. A desired gas mixture was administered 
to each animal from a rubber bag attached to a T-tube in the trachea with ap- 
propriate one-way valves. 

The results of such experiments are summarized in table 2. It is clear that 
CO2 stimulation of the carotid body cannot initiate gasping unless the neural 
centers are anoxic. Conversely, with an anoxic center, the full potentiation by 
CO2 can be obtained when this acts only on the carotid system. Thus, in the 
simple inhalation experiments, 35 per cent C62 increased discharge time 129 
per cent; and, in the perfusion experiments, 35 per centC02, acting only on the 
carotid body, increased it 141 per cent. 
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Discussion. Although gasping has little or no function in normal respii ation 
of the mammal, it nevertheless provides an index of neurone activity. As 
such, and because of its unique ability to distinguish functionally between 
glycolytic and aerobic oxidations, the technicpie described may prove useful 
in investigating the metabolism of the respiratory center. Although tlie animal 
is in extremis when gasping is observed, the conditions are jirobably still more 
physiologic than with in vitro methods. 

An analysis of gasping is of value not only in relation to the use of this phe- 
nomenon as an indicator of metabolic activity, but also in relation to respiratory 
control. Respiratory movements of fish, consist of little more than gasps, 
indicating the primitiveness of this response. Lumsden has descril^ed (9) 

TABLE 2 

Showing the effect of perfusing the carotid bodies of rat 1 with blood from rat 2 
when each animal is inhaling a different atmosphere 
Gasping of rat 2, when it inhaled N 2 or N 2 -CO 2 , indicates that the carotid bodies of rat 1 
were sufficiently stimulated to evoke gasping. N 2 = 100% N 2 ; N 2 -CO 2 = 65% N2-35% CO 2 . 
N 2 -CO 2 is referred to as asphyxic. P'our experiments were done at each inhalation pattern. 
Bracketed figures give the range of the four results. 


INHALED GAS 

CONDITION or EAT 1 j 

RESPONSE 

OF EAT 1 

Rat 1 

Rat 2 

Carotid body 

Respiratory center 

Number of gasps ] 

• 1 

Discharge time 

Air 

N 2 1 

Anoxic 

Normal 

i 

0 

sec. 

Air 

6 

p 

Asphyxic 

N ormal 

0 


N 2 

Air 

Normal 

Anoxic 

0 


N 2 -CO 2 

Air 

Normal 

Asphyxic 

0 


No 

N 2 1 

Anoxic 

Anoxic 

5 (4-7) 

16.5 (14-19) 

6 

p 

N 2 1 

Anoxic 

Asphyxic 

6 (5-7) 

15.0 (12-lS) 

N 2 

6 

p 

Asphy.xic 

Anoxic 

12 (10-14) 

40 (35-42) 


a primitive gasping center located in. the medulla and unresponsive to changes 
in carbon dioxide tension. It is possible that the carotid-mandibular reflex 
measures activity of this center, released as more i-ecent centers succumb to 
anoxia in a reverse phylogenetic order (10). The alternative hypothesis that 
anoxia stimulates the central mechanism would seem to be contraindicated by 
the body of evidence against direct anoxic excitation of the respiratory center 
( 11 )- 

Two factors are necessary for the appearance of the carotid-mandibular reflex; 
anoxia of the respiratory centers, and stimulation of the carotid chemoreceptors. 
Potentiation of the response by carbon dioxide acting on the carotid end organs 
is probably due merely to stronger afferent bombardment of the medullar}' cen- 
ters. 

Preliminary work indicates that the variation of response time with age is a 
function of the central neurones and not of the carotid body. 
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SUMMARY 

Gasping of the severed rat head has been used by several workers as an index 
of activity of medullary respiratory centers. Present experiments establish 
the reflex character of gasping in several types of anoxia and locate the actions 
of anoxia and hypercapnia in the reflex arc. 

After decapitation, cyanide administration, or inhalation of oxygen-free gas 
mixtures, gasping occurs when the carotid bodies remain functionally con- 
nected with the medulla but is entirely absent when they are disconnected. 
Gasping is terminated by central failure, for the carotid receptors discharge 
long after gasping ends, and the lingual-maxillary reflex (engaging the same 
efferent arc) also outlasts it. 

Discharge time (from first to last gasps) decreases with age. For 11 -day rats 
inhaling pure nitrogen, it averages 142 seconds, as compared with 200 after 
decapitation. Addition of CO 2 to the N 2 (but not to O 2 ) increases discharge 
time, to a maximum 320 seconds at 35 per cent CO 2 . That the prolongation 
depends on anaerobic processes is shown by the ability of iodoacetate to cut 
discharge time to 25 seconds, whatever the CO 2 concentration. 

By “perfusing” the carotid bodies of one rat with the blood of a second and 
varying independently the gas inhaled by each, the medullary centers and the 
carotid bodies of an animal were exposed to different conditions. Anoxia both 
of the brain and the carotid l)ody must be present for gasping to occur. The 
potentiating action of CO 2 is exclusively on the carotid body. 

These findings, while establishing important peripheral factors in the gasp 
response, do not vitiate its use in investigating the action of central neurones. 
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J.OC'AL SWIOAT GLAND AGTIVLI'Y DUi-: TO 
OF JiA])IAN'r niOAT 


DIKI-XTl’ EFFl'XJTS 


WALTKH ('. UANDAM. 

From the Dipnrlmctii oj J'lijisioloiji/, St. Ijouia I'liivcrriln Schoolof Malu-riic, 

SL LoniHf Missouri 

Heccivc^d for imblication Juno 2, 1!I47 

Diiriiifi; a series of ('xperinients designed to study th(‘ reflex s\\(‘ating patterns 
induced by application of intense radiant heat to a r('lati\’ely small area of 
skin, niarkc'd differences were ol)S(‘rv(‘d in th(‘ size of sweat spots in the areas 
of high(‘st and lowest temperatun's (fig. 1). Sweat spots in the luxited areas 
were distinctly lai'ger and darker than those in adjaccait, ])(‘ri|)lieral areas, indi- 
cating nui(‘h greater sw(‘at secretion l)y individual glands in th(' aix'as of high 
tenii)(‘i‘ature. The smaller, light(M’ spots in th(‘ p(‘riph(‘ry wvrv (iuit(‘ comparabk* 
in ap])earanc(‘ to those (‘licited during normal r(‘flex sw(*ating. Sw(‘at s|)ots 
comparal)l(‘ in size to those* in the* ar(‘a of high teanperature an* s(*ldom observ(‘d 
in noi’inal sw(*ating exc(‘|)t in sp(*cific ar(*as oi the* body (axilla, (*tc.), or und(*r 
conditions of maximal stimulation (\’(*ry hot tub-batli or stimulation by cho- 
linergic drugs, Jtandall, 194()). 

Su(*h mark(*d dilTei‘(*nc(*s sugg(*st(‘d the* possibility ol dilh*rf*nt ial r(*spons(*s 
of individual sweat glands to direct h(*ating and to stimulation l)y reflex ])aths. 

In ord(*r to investigate* further this pre)fuse* swe‘ating re*spe)nse of indivielual 
swe*at glands, an apparatus was e*e)nst rue*te*d to he*at a small loe'alize*d area with- 
e)ut dire*e*tly he‘ating surreHinding are*as. Tlie* apparatus e*oiisists e\sse*ntially e)l 
a. le)op of high re*sistaiice chromel wire* through which a low voltage, altei*nating 
e*ui're*nt e*ould be* passe‘d. I his unit is he)use*el in a tube* e)t about 1 cm. diame'te*r 
whie*h in tuivn is e*e)vei’eel by se*\'e*ral thie*kne*sse*s ol asbeste)s insulation. \\ he*n 
this apj)ai‘atus is bre)ught inte) pe)sitie)n ove*r the* te*st ai‘e‘a, a re‘gie)n about 10 
te) 20 mm. in (liame*tei- is warnuHl te) a, high temperature while* surre)uneling are'as 
re'main re'lativedy ne)rmal. A te*mperature elitle're‘ne*e ed 10 te) 15 ele'gre*es (\ 
e)n the* skin surfae*e may thus e*xist within a elistane*e* of 5 to 15 mm. .This unit 
is in se*ries with an adjustable transformer so that the \'e)ltage cendd be* re'gulate*d 
anel the amount e)f lu*at elirecte*el e)nto a. small, sharply le)calize*el area of skin exisily 
e*onti’e)lleel. Inelividual swexit gland re*s])e)nse*s were* re'e*e)rele*el e)n pape‘r according 
to a me*t hoel previeaisly elese*i‘ibe*el (Ranelall, 10 10). Briefly, the* met hex! in\ e)h e*s 
tlie stare’h ioeline* reae*tie)n at e*ae*h sweat peu’e* whe*n a small eb’e)ple*t e)t sweat in 
t he poi-e i)laces ie)eline (paintenl e)n the* skin) anel stare*li (in a sheet e)f bonel pape*i ) 
in solutie)!!, resulting in a elefinite bluish-black spe)t e)n tlie paper, ddie eluratiein 
of exposure of the paper e)\'e‘r the* skin was 20 secemels and exi)osuix*s wei-e* made 
at 30 see*e)nel eir 00 seconel intervals. 

Temperatures at the skin sui*fae*e were recoreleel freim e*e)pper-ce)nstantan 
junctiems in heilelers espee*ially ce)nstrue*t(*el to ])ermit neirmal evafieiratie)!! and 
raeliation heat loss fre^m the skin even tlmugh the thei’me)e*e)uple's were he*ld in 
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firm (•oritMct wit li tlio skin. The holders were (‘onstnu'ted out of polystrene bars 
(5 cm. X 1 cm. x 0.5 cm.), one end of which was forked. The unshielded thermo- 
couple junction was stretched across this fork and lield in firm contact with the 
skin siu'face without ol)struction of heat loss, by taping the body of the holder 
to the skin. The points of the fork across which the junct ion was fixed extended 
a few millimeters below the body of the holder to further insure firm contact 
with the skin. 




Fig. 1. Coiitrastijig swoat responses in the center and around Mie p(‘riph(‘ry of a locally 
heated area, liroken line encircles a])i)roximate region of high tomp('rature with highest 
temperatures attaiiK^l in area of large spots, (kilil)ration numbers in centimeters. Kn- 
larged photograph of original record retouched with india ink for purposes of reproduxdion. 

In many exp(‘riments in which considerable sweating was observed during the 
control period an initial inhibition of sweating wiis noted immediately after 
turning on the heat. This was not always noted however and was not noticeal)le, 
of course, when tlu' heat was turned on during a low point in a cycle of sweating 
or when no sweating was evident during the control period. Ordinarily a short 
delay of 1 to 2 minutes (range of 1 to 8 min.) proceeded active secretion of sweat 
glands following application of heat. During this period of delay the tempera- 
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ture on the skin surface rose quickly to temperatures considerably in excess 
of those normally occurring even in hot environments (range from 39 to 45°Cb- 
Since the couples were necessarily placed on the surface, howevei’, the high tem- 
perature was attained here somewhat before the gland cells themselves were 
heated at some distance below the skin surface. This factor alone may explain 
in large part the delay in sweating responses behind the rise in surface tempera- 
ture. 

Following this delay a few very large, dark sweat spots appear in the area of 
highest temperature with little or no sweating on adjacent areas. Sometimes 
smaller sweat spots may be noted briefly on adjacent areas (fig. 1) l)ut as long 
as the temperature of tliese areas remains low, and the local heating is not ex- 
cessively painful, sw'eating does not persist except lor the normal cyclic; periods 
of activity. Sweating increases in intensity in the locally heated area and is 
marked by increasing numbers of large droplets (which appear on the record 
as large, dark spots, indicating excessive output by the individual glands). 
Cyclic activity in this area is depressed or obscured by the profuse sweating 
and many glands appear to be continuously active for the duration ol the ex- 
posure to heat. If excessive heating is prolonged, 70 to 80 per cent of functional 
sweat glands in the area may be stimulated, but it was usually observed that 
the primary response to direct local heating was an increased output of individual 
glands rather than stimulation of a maximum number of glands. 

When the heat was turned off both the size and number ol sweat spots imme- 
diately decreased as local sweating declined more or less progressively with the 
fall in surface temperature. Sweating then disappeared when the skin tempera- 
ture was still a few degrees above the starting normal. It may be suggested 
therefore that a critical temperature exists above which direct, locally induced 
sweating occurs and below which it does not occur. This critical temperature 
is sevei'al degrees above that necessary to induce sweating by reflex, when heat 
is applied to a larger suidace area. 

Figure 2 demonstrates tliis local sweating response to concentrated heat 
on the forearm. Note the relationship between sweating and local surface 
temperature. The fact that sweating is present at lower temperatures as the 
area cools compared with the period of heating is prol)ably related to the insula- 
tion and heat storage capacities of the skin. In one experiment the subject 
complained of very severe pain during the heating period and sweating appeared 
diffusely spread over the heated and adjacent non-heated areas alike, simuUii- 
neously with the development of the severe pain. The rapidity of onset of this 
sweating together with the smaller and more discrete character of the sweat 
spots identified this response as purely reflex in nature, and contrasted with the 
delayed appearance of large sweat spots confined to the heated area. 

In a few experiments it was noticed that after prolonged exposures to such 
local heat (at temperatures well above 40°C) s\veating continued for as long as 
several hours in the central area of highest temperature. Such sweating con- 
tinued in spite of the fact that skin temperatures returned to normal. In some 
experiments, the temperatures of these local areas were reduced several degrees 
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below the starting normal temperatures by application of ice-filled containers, 
without abolition of the persistent local sweating. In all such experiments, 
damage to the skin was evidenced later by the appearance of local edema and 
blister formation. In fact, after some experience the experimenter could predict 
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Fig. 2. Experiments demonstrating sharply localized response to local radiant heat on 
forearm. Records of 20 second duration taken at 30 second intervals. No sweating was 
present during first five minutes of control period, and successive records starting at sixth 
minute show development and regression of individual gland responses (individual sweat 
spots) during and following heat application. Enlarged photograph of original records 
retouched for purposes of reproduction. Skin surface temperatures of heated area shown 
in upper left corner of each record. 
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skin damage by excessive heat, even before blister formation was evident, by the 
persistence of local sweating. 

Kuno (1934) reported that the irritability of the ‘‘sweat mechanism^ ^ in- 
•cluding the centers in the central nervous system varies seasonally, probably 
involving processes of acclimatization. To our knowledge, however, there is no 
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evidence that such changes in critical temperatures of individual glands to direct 
effects of heat occur. Table 1 summarizes the protocols of a number of experi- 
ments in which the skin temperature was rapidly elevated until local sweating 
was established. Since the temperatures were recorded from the skin surface 
rather than at the precise depth of the sweat glands, it is not advisable to con- 
sider the values as true threshold temperatures, and as indicated above, threshold 
values appear to lie at somewhat lower levels. The data do indicate however 
that such threshold levels of stimulation do exist. This is demonstrated clearly 
in subject Smi (2/7/47) where in successive experiments sweating failed to 
appear when the surface temperature was maintained at 41.15 to 41.85°C for 


TABLE 1 


SUBJECT 

DATE 

STARTING SKIN 
TEMPERATURE 

TIME TO INDUCE 
FIRST 

LOCAL SWEATING 

SKIN TEMPERATURE AT FIRST LOCAL 
SWEATING 

Slo 

5/3/46 

“C 

34 .25 

1 min. 40 sec. 

42 .6 — Room temperature 23-30° in 

Slo 

5/6/46 

33.10 

1 min. 

42 .2 all summer experiments 

Slo 

5/7/46 

33.30 

2 min. 

41.0 


Ra 

5/4/46 

33.15 

1 min. 30 sec. 

43.2 


Ra 

5/3/46 

32 .9 

2 min. 

42.6 


Ra 

5/18/46 

32 .2 

3 min. 30 sec. 

39.6 


Ra 

5/22/46 

32 .0 

1 min. 30 sec. 

45.5 


Ra 

5/20/46 

31.5 

1 min. 30 sec. 

43.7 


Ra 

5/20/46 

32 .05 

2 min. 

38.4 


Ra 

6/22/46 

34.1 

2 min. 30 sec. 

45.35 


Ra 

6/6/46 

33 .8 

6 min. 30 sec. 

42.9 — Temperature raised slowly 

Hal 

5/23/46 

33 .9 

8 min. 30 sec. 

45.5 — Temperature raised slowly 

Ri 

5/20/46 

31.2 

2 min. 

43.8 Response delayed several 

Ri 

5/20/46 

32.7 

2 min. 30 sec. 

44.7 minutes after maximum 

Ri 

5/20/46 

33.4 

2 min. 

44 .7 temperature had been at- 
tained 

Smi 

2/7/47 

30.2 

No sweating 

41 .85 (maximum) 

16 .0 — Room 

Smi 

2/7/47 

31 .2 

2 min. 40 sec. 

42.7 

17.0 Temp. 

Ra 

2/7/47 

30 .0 

1 min. 40 sec. 

44.2 

17.0 

Ra 

2/7/47 

30.1 

1 min. 30 sec. 

41.4 

16.0 

Ri 

2/25/47 

31.7 

1 min. 30 sec. 

! 44.8 

25.5 

Dee 

2/24/47 

32 .0 

1 min. 

I 44.3 

21.0 


6 minutes, but sweating did occur in a subsequent experiment as soon as the 
surface temperature reached 42.7®C. 

Considerable variation in temperatures at which sweating may first occur, 
even in the same individual at different times, is indicated. These variations 
possibly may be referable to differences in temperature at the precise level of 
the contractile elements in the sweat glands. 

Thus it is not possible to say that small changes in the threshold temperature 
at which sweat glands respond to direct stimulation do not exist in the general 
acclimatization of the sweating mechanism from summer to winter, but it ap- 
pears from table 1 that if such changes do occur they are relatively small. It is 
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likewise impossible to explain relatively large differences in so-called thresholds 
(such as are apparent in subject Ra) at different times. It is evident however 
that the range of such variations are similar in the summer and winter experi- 
ments. If temperatures are raised more slowly sweating may occur at a some- 
what lower temperature, but this is probably directly related to the temperature 
gradients induced and even in these experiments a threshold temperature must 
be reached before sweating occurs. 

Evidence thus far presented indicates that the sweat glands will respond to 
directly applied heat, but the possibility of a sharply localized reflex arc is not 
completely ruled out. From the diffuse type of response observed m e.xperi- 
mentally demonstrated reflex sweating (Randall, 1947) it is difficult to reconcile 
such sharply localized sweating (with complete absence of sweating in adjacent 
areas in some experiments) to anything but a direct response of the glands. 

To check this, normal sweating was abolished in a small area (about 15 mm. 
diameter) by iontophoresis of atropine (pad soaked in 10 cc. of solution con- 
taining 1 mgm atropine, 2 ma for 2 to 5 min.) while sweating continued m all 
adjacent areas. Application of heat to the opposite arm caused excessive sweat- 
ing on the normal, adjacent areas but no sweating in the atropinized area. 
Heat was then applied directly to the atropinized area. Although in no in- 
stance did sweating appear as pronounced in the atropinized area as m the ad- 
jacent tissue, a large number of glands were activated at about the same surface 
temperature as shown to be required to produce local sweating. Thus although 
reflex impulses were blocked entirely by atropine, some sweat glands m the area 
responded to direct application of heat. Similar results were observed when nor- 
mal reflex sweating was abolished by intradermal injection of 2 per cent procaine, 
that is application of intense radiant heat to the wheal resulted in sweat responses. 

Finally, the local sweating response to heat may remind one of the 
sponse to faradic stimulation reported by Wilkins, Newman and Doupe (193 ) 
and by Bickford (1938). These workers suggest that the local response to 
faradic stimulation represents an axon reflex mediated through postganglionic 
sympathetic fibers. It seems doubtful, however, that local heating as employed 
in the present experiments could act as a direct stimulant comparable to faradic 
stimulation. Further, the local sweating response to intense heat was not abol- 
ished (although it was decreased) by atropine gnd procaine. Such observations 
made on human skin agree with those of Saito (quoted by Kuno, 1934) who 
obtained Sweating by warming the pads of the cat’s foot even though the innerva- 
tion had been sectioned three to six weeks before. 

These observations would indicate therefore, that, the profuse response of 
sweat glands to local radiant heat of high intensity is a direct one. The threshold 
temperatures at which this direct stimulation occurs is considerably higher 
however than those encountered under normal circumstances. 

summary 

Using a method designed to investigate activity of individual sweat glands, 
the sweating responses to locally applied radiant heat were studied. When 
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the temperature at the skin surface was rapidly elevated to high levels (39 to 
45°C), large dark sweat spots appeared in the heated area, indicating excessive 
sweat responses by the individual glands. These spots contrasted sharply in 
size with those induced by normal reflex stimulation. A definite threshold 
temperature appears to exist, above which a direct response to local heat may 
occur and below which it does not occur. This threshold appears to lie within 
a rather wide range of temperatures and the range of variation does not appear 
significantly different in summer and winter. Pharmacological evidence is 
presented to suggest that the profuse sweating response of individual glands to 
extreme temperatures is a direct one in contrast to the usual diffuse reflex re- 
sponse. 
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In 1939 it was reported that human urine contains a substance which, on 
intravenous injection in dogs, inhibits gastric secretion (1, 2, 3). At first this 
gastric secretory depressant named urogastrone was believed to represent renally 
excreted enterogastrone, an inhibitor of gastric secretion formed by the mucosa 
of the small intestine (4). However, it was shown that the removal of either the 
stomach or the duodenum did not eliminate the active substance in the urine (5) 
and even completely enterectomized dogs still produced urogastrone, although 
the output was less than nonnal (6). Later reports pointed out some chemical 
and physiological differences between urogastrone and enterogastrone (7). 
Nevertheless, the possibility still exists that part of the gastric secretory depress- 
ing activity of urine may be due to a chemically altered excretion product of 
enterogastrone. 

Urogastrone was also found to differ in many respects from the anterior pitui- 
taiy-like hormone (8) as well as from estrogen (9), pituitrin (10), kallikrein (9) 
and anthelone (8, 11) which likewise may be extracted from urine. 

Although demonstrated first in human female urine (8), urogastrone may also 
be obtained from the male (2). Dogs’ urine extracts exert a similar influence. 

The problem that presented itself for investigation was the possible correlation 
between the content of urogastrone in the urine and the function of some of the 
endocrine glands (8, 11,20). 

Method op Study. Extracts have been prepared from the urine of dogs from 
which various endocrine glands have been extirpated as well as from urine of 
normal animals. 

Twenty-six female dogs, divided into the following six series, were used, and 
between 60 and 180 liters of urine were obtained from each series: 12 normal 
(nrhie collected separately from 2 equal groups), 6 oophorectomized, 6 thyroidec- 

^ ^ CJommittee on Scientific Research of the American 

Aieaical Association and the Stewart Hamilton Research Fund, Detroit, Michigan, 
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tomized plus oophorectomized, and 2 hypophysectomized (urine collected sepa- 
rately from each dog). 

Oophorectomy and thyroidectomy were done in routine fashion under nem- 
butal anesthesia. Complete thyroidectomy was accomplished with care to pre- 
serve the blood supply of the parathyroids. 

The pituitary gland was removed by the transbuccal method (12, 13). A small 
opening was made Avith a dental drill in the avascular area of the roof of the 
mouth directly underneath the sella turcica. 

The two hypophysectomized dogs each developed polyuria which lasted ap- 
proximately three weeks. Collections of urine were started one. week after 
removal of the pituitary gland and were continued for about four months. 
Therefoi-e, the total amount of urine collected from the hypophysectomized 
dogs did not exceed appreciably the quantity obtained Irom two similar normal 
dogs. Autopsies of these 2 dogs, performed approximately one year after the 
hypophysectomies, revealed that no portions of the pituitary were grossly seen. 
Serial sections of 7 microns were prepared from the decalcified base of the skull. 
On the right side there were no pituitary remnants. On the left side some de- 
generated pituitary cells, showing karyolysis, and eosinophilic cells were found 
lining the base of the pituitary fossa. Also a large number of red blood cells 
and old blood pigment were seen. These remnants according to Dr. Gabriel 
Steiner, Neuropathologist at Wayne University, were not important as to the 
functional activity of the pituitary gland. The hypothalamus of each brain was 
also cut in serial sections and microscopically did not show any lesions. 

Urogastrone was prepared by the procedure of Gray, Wieczorowski, Wells and 
Harris (9), a modification of the Katzman-Doisy method (14) of preparing the 
anterior pituitary-like hormone. The crude extract amounting to 8-12 grams 
from each 100 liters of urine, was purified giving a yield of 130-180 mgm. Doses 
of 1, 2 and 3 mgm. of the purified extract were administered intravenously in 1 per 
cent saline solution. In a few experiments larger amounts such as 5-10 mgm. 
were employed. Gray et al. (9) previously standardized the urogastrone dose 
as that quantity producing 50 per cent inhibition of the secretion of gastric 
juice. 

The 6 preparations of urogastrone, one from each of the previously mentioned 
series of dogs, (see second paragraph this section) were each tested for their effect 
on gastric secretion stimulated by histamine in both Heidenhain pouch and 
gastric fistula, dogs. Four fistula and five pouch dogs were employed. With 
fistula dogs one could deal with much larger amounts of gastric juice excluding 
those experiments in which the secretion was contaminated by bile or saliva. 
One cubic centimeter of 1—1000 solution of histamine diphosphate* was injected 
subcutaneously in each test. The dogs fasted at least 24 hours before each 
experiment. 

As there are variations in the reaction to histamine not only in different dogs, 
but in one md the same animal at various times, it yms decided to follow the 


* Parke Baris and Company. 
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proceduie of Gray and his collaborators (9) and to take into final consideration 
only double histamine experiments. During the first period of the experiment, 
urogastrone was administered intravenously followed 10 minutes later by a sub- 
cutaneous injection of histamine. The gastric juice was then collected at 10 
minute inten^als for a duration of 70 minutes and titrated for free and total acid- 
ify- Thiee hours later histamine alone was injected and the gastric juice was 
again similarly obtained and titrated. This constituted the second period of the 
experiment. In a number of instances the above periods were reversed. 

Uropstrone was administered more frequently in the first period of the double 
histamine experiments Itecause, as will be seen below, when two experiments with 
histamine alone were performed on any one day and on the same animal it was 
found that the second injection of histamine produced a smaller secretion than the 
first in more than half of the studies. 

Differences in secretion of ± 10 per cent or less between the two periods of the 
experiment were considered insignificant as showing neithci- stimulation nor 
inhibition. 

Results. In 28 double experiments with histamine alone on gastric fistula 
and pouch dogs 11 gave a more abundant volume of secretion after the first 
injection than after the second, 8 produced a greater flow of juice after the second 
and 9 showed no significant differences between the two collections. The average 
difference in output of fi-ee HCl expressed in millequivalents (mE) between tlie 
response to the first and second inti'oduction of histamine was less than 10 
per cent. 

In accordance with previous i-eports urogastrone prepared fi-om normal dogs 
inhibited gastric .secretion in the majority of experiments. Diminution of the 
volume of pstric juice occurred in 31 out of 47 experiments or 66 per cent, aug- 
mentation in 7 or 15 per cent, no important change in 9 or 19 per cent. Figures 
1 and 2 show the inhibitions and stimulations of the volume-secretion at 10 
minute intervals for a period of 70 minutes following administration of different 
urine extracts, as compared to the 100 per cent line representing control experi- 
ments with histamine alone. These are the averages of 4 to 23 experiments for 
each of two dogs (one gastric fistula and one pouch). The secretion curve after 
introduction of urogastrone from normal dogs is for the most part below the con- 
trol line. The acidity was also reduced after urogastrone injection but it did not 
always correspond to the diminished flow of gastric juice. In table 1 , the means 
of the total output of free HCl in mE are shown after the introduction of urine 
extracts followed by histamine and the per cent of inhibitions and stimulations 
are indicated as compared to the controls with histamine alone. A statistical 
analysis consisting in the determination of the standard error of the mean is in- 
cluded. Doses of completely purified extract of 1-2 mgm. were employed. 

The extract prepared from urine of oophorectomized dogs was tested in 26 
experiments. Inhibition of volume of gastric secretion compared to histamine 
alone on the same day occurred in 12 studies or 46 per cent, an increase in 9 or 
36 per cent and in 6 or 19 per cent no significant differences were obtained. In 
figure 1, injection of odphorectomized dogs’ extract produces an initial volume- 
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inhibition followed by a marked stimulation, thus the most abundant secretion 
is delayed as compared to that after introduction of normal urine extract or his- 
tamine alone. However, in figure 2 the volume-secretion is diminished with the 
exception of the first few minutes in relation to the control line and similar to the 
inhibition provoked by normal dogs* urine extract. Reduced quantities of gas- 
tric juice usually but not always coincided with lower acidity of the samples. In 
table 1, the line corresponding to the oophorectomized dogs* urine extract shows 
no inhibition of the output of free HCl in mE from an average of 26 experiments 
as compared to the controls, but a slight stimulation (11 per cent). The differ- 
ence of the response to histamine plus normal urine extract and histamine plus 
oophorectomized urine extract was tested for significance by standard procedures. 


TABLE 1 


Statistical analysis of gastric secretion 


EXTRACTS OF DOGS’ URl|rB 

TOTAL OUTBUT OF FREE HCL IN GASTRIC 
JUICE AFTER EXTRACT PLUS HISTAMINE 
ADMINISTRATION 

DIFFER- 
ENCE OF 
MEANS IN 
m£ AS 
COM- 
PARED TO 
EFFECT 
OF NOR- 
MAL 

EXTRACTS 

STAN- 
DARD 
ERROR 
OF THE 
DIFFER- 
ENCE OF 
THE 
MEANS 

CRITICAL 

RATIO 

PROBA- 
BILITY OF 
DIFFER- 
ENCES BY 
CHANCE 
IN 100 

Mean m£ 

Per cent 
inhi- 
bition 
as com- 
pared to 
control 

Per cent 
stimu- 
lation 
as com- 
pared to 
control 

Standard 
error 
of the 
mean 

Normal 

4.02 

(47 expts.) 

25 


0.673 





Oophorectomized 

6.0 

(26 expts.) 


11 

1.19 

1.98 

1.32 



1.5 

15 

Thyroidectomized 
plus oophorecto- 
mized 

4.0 

(27 expts.) 

13 


0.71 

0.02 

0.912 

0.02 

60 

Hypophysectomized 

5.96 

(68 expts.) 


20 

0.71 

1.93 

0.912 

2.11 

4 


The critical ratio of 1.5 indicates that such a difference would be expected to occur 
by chance fifteen times in one hundred such experiments. 

If, in addition to the ovaries the thyroids were removed, the same inhibitory 
effect was produced as from extracts of normal dogs (table 1, figs. 1 and 2). In- 
hibition of volume-secretion occurred in 17 out of 27 experiments or 63 per cent, 
increase in 5 or 18.5 per cent and no difference in the remaining 5 or 18.5 per cent. 
The critical ratio related to the difference of the means of the total output of HCl 
proved to be extremely low (0.02), thus indicating no difference as compared to 
the effect of normal urine extract. Taking into consideration the diminution of 
urogastrone after oSphorectomy alone, one is inclined to assume that the thyroid 
gland may inhibit the formation of inhibitory agentsT Experiments are now 

under way to investigate this phase of the problem. 

The extracts prepared from the urine of two hypophysectomized dogs inhibited 
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gRstric secretion in only 6 out of 58 or e little over 10 per cent of the studies. But 
in 37 experiments or 64 per cent there was a marked increase in the volume of 
gastric juice, while in the remaining 15 or 26 per cent no significant difference was 
found. In fibres 1 and 2, the dotted line related to volume-secretion of gastric 
juice after injection of hypophysectomized urine extract is the only one consist- 
ently above the control line with the exception of the first 15 minutes when the 



average of 23 experiments. 


Secretion after histamine injection and normal dog’s urine extract. 
Average of 14 experiments. 

Secretion after histamine injection and thyroidectomized plus 

oophorectomized dog’s urine extract. Average of 6 experiments. 

Secretion after histamine injection and oophorectomized dog’s 
urine extract. Average of 5 experiments. 

Secretion after histamine injection and hypophysectomized dog’s 

urine extract. Average of 9 experiments. 

variations are the greatest, thus indicating an increase of the secretion. Varia- 
tions in the acidity did not always correspond strictly to the changes in volume 
of gastric secretion. Therefore, although the mE of HCl output were increased 
m the identical number of experiments (37 out of 58), the number in which 
diminution or equality occurred were different. The augmentation of acid out- 
put amounted to 20 per cent (table 1). Quantities of 1-3 mgm. of the extract 
were employed in these studies. When larger doses were administered (5-10 
mgm.) the increase in output of free HCl in mE rose to 27 per cent. The differ- 
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ence between the means of the response to histamine plus normal urine extract 
and histamine plus hypophysectomized dogs’ urine extract was also tested for 
significance by standard procedures, which revealed that such a difference would 
be expected to occur by chance only four times in one hundred such experiments 

(table 1). . 

Thus, the normal dog has in its urine a gastric secretory inhibitor . However, 
when the pituitary gland is removed, the dog’s urine contains very little, if any. 



Fig. 2. Heidenhatn pouch dog. Volume-socretion curves resulting from intravenous 
injections of different kinds of dogs’ urine extracts (urogastrone) on gastric secretion. 

100% lino * Histamine control: Secretion after histamine injections alone based on 
average of 13 experiments. 

Secretion after histamine injection and normal dog’s urine extract. 
Average of 5 experiments. 

Secretion after histamine injection and thyroidectomized plus 

"" oophorectomized dog’s urine extract. Average of 6 experiments. 

Secretion after histamine injection and oophorectomized dog’s urine 

extract. Average of 4 experiments. 

Secretion after histamine injection and hypophysectomized dog’s 

urine extract. Average of 9 experiments. 

of the gastric secretory depre^nt. Wlien such an extract is injected into 
pouch or fistula dogs, an increase in the quantity of gastric juice is noted in the 
majority of experiments. 

Discussion. The results reported in this paper indicate that urogastrone 
obtained from normal urine and recognized as a gastric secretorj' inhibitor is also 
present when both the thyroids and ovaries are removed. There appeai-s to 1^ 
less urogastrone when the ovaries alone are extirpated. However, if the pitui- 
tary is removed the depressant is markedly diminished, if at all present, and in a 
large majority of experiments there was an actual increase in gastric secretion 
following administration of the urine extract prepared from the hypophysecto- 
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misfsd animals. This increase raises the c|uestion whether with a disturbance or 
removal of the pituitary gland, factors come into greater play which augment the 
action of gastric secretory stimulants. Some confirmation of the relationship of 
the hypophysis to gastric secretion may be inferred from the recently published 
report of Ungar (15) concerning the inhibition of histamine release by a pituitary- 
adrenal mechanism in the blood of normal rabbits mixed with peptone in vitro. 

These experimental studies are closely related to some (clinical obseivations on 
the rdle that the gonad mechanism plays in human peptic iil(*er. Pregnancy has 
a decisive ameliorating effect, whereas the menopause aggravates the conditions 
(8). Persons suffering from ulcers not infrequently show endocrine abnormali- 
ties (8). Before puberty, though rare, peptic ulcer exhibits no sexual difference 
in frequency (8, 19). Urine extracts of women, both normal and pregnant, have 
a definite prophylactic, therapeutic and “immunizing” effect on Mann- William- 
son ulcei in dogs (11, 8, 1(>, 1 /). It may be that in the female the mutual inter- 
relations between the pituitary and ovaries dining the active sex life and par- 
ticularly at the time of pregnancies, favor the formation of factors protecting 
against the development of ulcers. The greater frequency in men may be due 
to a poorer development of these agents. 

It is premature to conclude from the data herian }u-csent(‘d that the pituitary 
gland is playing a decisive r61e in the regulation of the ulcei’ proteftive factors 
present in urine, since the relationship bet ween urogastrone (the anU-acid factor) 
and anthelone (the anti-ulcei’ factor) is still uncertain. Howexiu’, our studies 
appear to indicate that the hypophysis is somehov’ i-elated to urogastrone ex- 
cretion. 

Normal urine contains among otlier factors pituitrin, \\'liich also inhibits gastric 
secretion (18). Gray et al. (10) however, differentiated pituitrin from urogas- 
trone by a comparison of their effects on gastric secretion and motility, urine 
excretion and blood pressure. They came to the conclusion that the two 
principles are different entities. Because of the marked differences in their 
eftects on gastric motility, urine excretion and blood pressure (10), it is probable 
that urogastrone does not contain pituitrin. It might be reasoned therefore, 
that the elimination ol pituitrin from the urine by hypophysectomy'does not 
explain the different effect on gastric secretion obtained with extracts from 
normal and hypophysectomized dogs. 

SUMMARY 

1. Extracts prepai-ed from the urine of normal dogs (urogastrone) inhibit gas- 
tric secretion and decrease the acidity of gastric juice in the majority of the studies. 

2. Urogastrone made from thyroidectomized plus oophorectomized dogs exerts 
nearly the same inhibitory influence as urogastrone procured from normal ani- 
mals. However, when the ovaries alone are lemoved, the depressing effect of the 
extract is less marked than that of normal urogastrone. 

3. Hypophysectomized dogs do not produce urogastrone in adequate amounts 
to diminish gastric secretion, as is the case with urogastrone from normal dogs. 
On the contrary, urine extracts of such animals increase the quantity and the 
acidity of the gastric juice secreted after histamine injection. 
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4. A statistical analysis of the experimental data supports the conclusion that 
the pituitary gland plays a r61e in the formation or excretion of urogastrone. 

Grateful acknowledgment is made to Dr. Gabriel Steiner for his examination 
of the hypothalamic regions of the brain and the decalcified bases of the skull. 
Also to Dr. A. C. Ivy of Northwestern University and his staff for their assistance 
in the statistical analysis of the data contained in this paper and to Doctor Thor- 
stad and others of Harper Hospital for valuable surgical assistance in the early 
phases of this study. 
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Addendum 

Additional atudies were recently performed with an urine extract prepared from 
eeries of dogs hypophysectomized by the transtemporal instead of the transbuccal method. 
When this extract was administered during the first period of the double 
ment in all but one of 15 experiments an increase of the total output of f ree HCl in mJt was 
noted (average 137 per cent stimulation) as compared to the controls. However, when 
the extract was administered in the second period in another 15 double ^stamine experi- 
ments, an increase was noted in 4 studies, a decrea8e4n.8 and no si^ifioan c a^e in , 
average not differing more than ±10 per cent from the controls (Federation Proceedings, 
vol. 6, no. 1, p. 140. March 1947). The results will be presented in a subsequent com- 
munication. 


THE PLASMATIC COFACTOR OF THROMBOPLASTIN: ITS 
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Duiing the past few years iiicn'asing attention has been given to the structure 
of prothrombin and sev^eral conflicting views have arisen. Quick (9) in 1943 
postulated the existence of two facitors, d(’signated as components A and B. 14ie 
former decreased in human oxalated ston d plasma, while component B decreased 
in avitaminosis K and aftc'i* dicumarol poisoning. It could moreover be removed 
from plasma by adsorption with aluminum hydroxide. Several investigators, 
particulaiiy I.avergne and I.avergne-Poindessault (3), and Loomis and Seegers 
(4) disagiee with the concept o1 a dual nature of prothrombin and they explain 
the decieas(‘ of prothrombin activity in ston-d plasma as due to an alteration of 
fibrinogen. 

rhe present study was liegun with th(' pui’pose ol standai’dizing tlx techniciue 
of adsorbing protlirombin with aluminum hydroxide (G) and with calcium phos- 
phate, Ca 3 (P() 4)2 (1). It soon became apparent that tlie study had to include a 
(luantitative estimation of t lie fibiinogen remov(‘d by these adsorbents and also 
an inquiry as to the nature and action of the plasma fact or wdiich disappears on 
storage. 

Adsorption of Prothrernbin and Fibrinogen by Ahirninuni Ilydroxide and Trical- 
emm Phosphate. Reagents. Tw o-tenths mole aluminum hydroxide suspension. 
This stock solution w^as analyzed gravimetrically aftm* heating a fixed amount to 
constant wxight. 

Tw'O-tenths mole tricalcium phosphate* stock suspension w^as used. 

Technique for adsorption experiment. A measured quantity of either aluminum 
hydroxide or tiicalcium phosphate was transferred to a test tube and then centri- 
fuged. The supernatant watei* was pouretl off and the tulie drained. A meas- 
ured volume of oxalated jilasma was then added thoroughly mixed with the 
adsorbent, and incubated at 37°C. for 10 minutes. The adsorbent w^as removed 
by high centrifugation in an angle centrifuge. The clear plasma was used for 
the studies recorded in tables 1 and 2. 

Determination of prothrombin time. The one-stage method of (^uick (8) w^as 
used. 

Determination of fibrinogen. The technique given in Quick’s Monograph was 
followed except that a photoelectric colorimeter w’as used. 

Treatment of plasma with aluminum hydroxide afiected the prothrombin time 
(as measured by Quick’s method) and partially removed fibrinogen. When a 

^ Fellow of the Guggenheim Foundation. Permanent address : Laboratorio de Quimica, 
Escuela Dental, Universidad de Chile, Santiago (CHILB:). 
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TABLE 1 

The effect of increasing concentration of aluminum hydroxide on the prothrombin time and 
on the adsorption of fibrinogen from oxalated dog^ rabbit and human plasma 



FIBKINOOEN 
Oil. PER 100 
CC. PLASICA 

PERCENTAGE OF FIBRINOGEN DECREASE 

WITH CONCENTRATION OF ALUMlNtTlI HYDROXIDE 

0.0 

0.001 M 

0.005 M 

0.01 M 

0.025 M 

0.05 M 

0.02 M 

0.5 M 

Dog 

0.230 


10.3 

15.0 

11.5 

12.2 

20.0 

59.9 

100 

Rabbit 

0.294 


9.0 

13.2 

14.2 

19.6 

33.0 

74.2 


Man 

0.314 


10.2 

14.2 

17.4 

26.0 

38.0 

72.0 


Prothrombin time in seconds 

Dog 


6.7 

6.6 

16.2 

40.0 

70.0 

160.0 

No clot 


Rabbit 


5.8 

7.1 

15.0 

46.0 

133.0 

128.0 

No clot 


Man 


12.3 

17.4 

47.6 

158.0 

226 . 0 * 

320.0 

No clot 



The values given for fibrinogen and for prothrombin time are averages from 6 to 11 
specimens of plasma. 

* Several specimens of human plasma failed to clot after treatment with as low as 
0.025 M Al ( OH ) a . 


TABLE 2 


The effect of increasing concentration of calcium phosphate on the prothrombin time and on 
the adsorption of fibrinogen from oxalated human and dog plasmas 


HUMAN 

PROTHROMBIN TIME (SEC.) 

(concent. Ca» (P04)2 used) 

PERCENTAGE OF FIBRINOGEN DECREASED 

(concent. Ca»(P 04 )j u.sbd) 


0.005 M 

0.01 M 

0.015 M 

0.02 M 

0.2 M 

0.015 M 

0.02 M 

0.16 M 

0.2 M 

1 

70 

no clot 

370 

no clot 

no clot 


11.8 


32.2 

2 

45 

no clot 

600 

no clot 

no clot 


12.7 


30.3 

3 

186 

206 

380 

no clot 

no clot 


5.6 


36.2 

4 

34 

113 

no clot 

no clot 

no clot 


1.5 


28.3 

5 

46 

415 

no clot 

no clot 

no clot 


0.0 


26.2 

6 

50 

205 

no clot 

780 

no clot 


6.1 


32.0 

Average 

71 

113 — 

370 — 

780 — 

no clot 


6.2 


30.8 



no clot 

no clot 

no clot 






DOG 










1 

33 

230 . 

230 

no clot 

no clot 

6.4 

0.0 

24.5 

40.6 

2 

26 

233 

280 

no clot 

no clot 

14.4 

9.7 

30.6 

19.3 

3 

25 

265 

no clot 

no clot 

no clot 


7.8 


46.0 

4 

30 

no clot 

no clot 

no clot 

no clot 


0.0 


28.8 

5 

43 

no clot 

no clot 

no clot 

no clot 


30.2 


64.0 

6 


no clot 

no clot 

1 no clot 

no Cjiot 


1.6 



7 


no clot 

! no clot 

no clot 

no clot 


1 13.6 



Average.... 

31.2 

230 — 

230 — 

no clot - 

.no clot 

10.4 

, -8.9 

27.6 

37.7 



no clot 

no clot 
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small amount of alumina was used (O.OIM) for the treatment of fresh human 
plasma, the prothrombin time was 158 seconds and the loss of fibrinogen was 17 
per cent. With higher amounts of alumina, completely incoagulable plasma 
could be obtained, but such plasma lost 60 per cent to 70 per cent of its fibrinogen. 

By using tricalcium phosphate instead of aluminum hydroxide, it is possible 
to obtain human and dog phismas that do not clot, yet have lost only 6.2 per 
cent to 8.9 per cent of their fibrinogen. The latter r(*agenf is therefore prefei*able 
to aluminum hydroxide. 

Action of tricalcium phosphate on plasma from dicumarolized animals. It is in- 
teresting to note that 192 hours after the injection of a single dose of dicumarol, 
when the prothrombin time of the plasma had returiu'd iiresumably to the normal 
(6.5 sec.) the response to tricalciiim phosphate was strikingly different from that 


TABLE 3 

The effect of increasing calcium phosphate concentration on the prothrombin time of plasmas 
from dogs injected with dicumarol 


CONCENT. 

Ca,(P04)2 

USED 

PROTHHOMBIN TIME (SEC.) 

HOURS AFTER DlCUMAROLf 


24 

48 

<)() 

120 

1 192 

0.0 

12 

18 


10.5 

15 

6.S 

O.OOOIM 

11 

17 




1 

0.0005M 

13.5 

21 


16 


1 

O.OOIM 

16.5 

35 


85 

65 

7 

0.002M 


300 


no clot 

no clot 

1 19 

0.003M 


no clot 




j 55 

0.004M 






I 305 

0.005M* 






i no clot 


* The normal value for 0.(X)5M is 31 seconds. 

t A single dose of dicumarol, 5 mgm./kgm. of body weight was injected intravenously. 


of normal plasma (table 3). P'or (‘xamph': normal dog plasma treated with 
0.005M calcium phosphate has a prothrombin time of 31 seconds, yet the plasma 
of the dog recovering from dicumarol poisoning diil not clot, aftei* such treatment. 

While the prolongation of the prothiombin time is due to a decrease of pro- 
thrombin (2), (7), a return \o complete normality after dicumarol cannot ap- 
parently be conclusively established by the prothrombin time d(*termi nation. If 
one assumes that the amount of calcium phosphate needed to obtain a non- 
coagulable plasma is in diiect proportion to the amount of prothrombin present, 
one must conclude that even though the dog recovering from dicumarol poisoning 
shows a normal prothrombin time, he actually has less than 100 jk‘i- cent pro- 
thrombin present in his blood. 

Prothrominn Factors A and H Studied with A Imninum Hydroxide. Prothrombin 
time recovery in stored human plasma on addition of fresh fibrinogen-free diuman 
alumina plasma. Fresh human plasma was treated with O.OIM Al(OH) 3 , then 
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all the fibrinogen was clotted by the addition of a small quantity of thrombin. 
A mixture of fresh fibrinogen-free alumina plasma and stored human plasma was 
made. The results confirm those obtained by Quick (10) . It shall be noted that 
the prothrombin times obtained are always shorter than those of the normal fresh 
human plasmas. For example: 

Prothrombin time 
seconds 


Stored human plasma (7 days) 29 

Mixture of stored plasma with fresh fibrinogen-free alumina plasma 

(human) 10 

TABLE 4 


The recovery of the prothrombin time of stored human plasma by means of fresh human plasma 
treated with varying amounts of aluminum hydroxide 
Prothrombin time (sec.) 


STORED PLASMA 

NOT TREATED 

STORED PLASMA + FRESH ALUMINA PLASMA 

(coNC. A1(0H)8 used) 

0.2M 

O.OSM 

O.OIM 

0.005M 

30 

25 

14.5 

12 

12 

24 

26 

15 

13 

13 

43 

40 

' 15 



17 

19 

15 

12 


30 

27 

16 

13 



Concentration Al(OH)8 used 


STORED PLASMA 
NOT TREATED 

STORED PLASMA 

FRESH PLASMA ^ 

PROTHROMBIN 

TIME 

0.005M 

O.OIM 

0.005M 

O.OIM 

0.1 cc. 





43 


0.1 cc. 




117 




0.1 cc. 


45 


0.05 cc. 


0.05 cc. 


28 



0.1 cc. 



220 





0.1 cc. 

149 



0.05 cc. 


0.05 cc. 

49 


As a control to establish that the added thrombin became inactivated, the fresh 
fibrinogen-free alumina plasma was added to fresh plasma. No clot resulted. 

The activity of fresh akunina plasma on stored plasma can therefore not be 
attributed to its fibrinogen. Further proof for this is that fresh oxalated dog 
plasma heated to 66°C. to coagulate the fibiinogen still retains its activity to 
I^jrmalize stored plasma. Human plasma, however, on heating loses its activity. 

; The results recorded in table 4 affirm that it is possible to normalize the pro- 
thrombin time of stored human plasma by the addition of fresh human plasma 
treated with aluminum hydroxide. At the same time they prove that the re- 
covery is related to the concentration of Al(OH)8 used. If the fresh human 
plasma is treated with 0.05M aluminum hydroxide, the recovery is not complete, 
and with 0.2M alumina there is no recovery at all. 


1 
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If one accepts that prothrombin is composed of two factors, it must be further 
assumed that both factors are adsorbed by 0.2M Al(OH)8. Only when the fresh 
plasma is treated with aluminum hydroxide weaker than 0.05M is the prothrom- 
bin time of the stored plasma completely recovered. 

The theory that prothrombin is composed of two factors was based on the as- 
sumption that A1(0H)3 adsorbed only component B, and that storage destroys 
only component -A. The normalization of the stored plasma was explained as 
the result of the union of the A remaining in the alumina plasma with the B 
which remains unaltered in the stored plasma. However, if both the fresh and 
the stored human plasmas are treated with 0.01 M or 0.005M aluminum hydroxide 

TABLE 5 


Titvdtion of (intithroinhins and antithromboplcLstins in stored human plasma 


THXOICBOPLASTIN CONCENTRATIOK 

PROTHROMBIN TIME (SEC.)* 

Dil. with fresh human plasma 

Dil. with 6 days' human stored plasma 

100 

12 

12 

75 

12 

11 

50 

14 

12 

25 

17 

14 

10 

21 

22 

5 

28 

26 

2.5 

40 

32 

1.25 

62 

55 


* The prothrombin times were checked against fresh human plasma. 


AGE OF PLASMA 

PROTHROMBIN 

TIME 

THROMBIN DILUTIONS (TIME SEC.) 

F.S. 

1/5 

1/10 

1/20 

days 






0 

12 

3.5 

24 j 

55 

65 

2 

18 

3.5 

16 

30 

43 

6 

29 

5 

1 

58 

no 


(thus adsorbing component B in both plasmas) it is still possible at least partially 
to restore the prothrombin time (table 4) by combining the two. 

These experiments afcm that fresh human plasma treated with aluminum 
hydroxide in proper concentration is able to normalize stored human plasma. 
They also prove that the factor responsible for the recovery can not belong t o 
prothrombin, and that the factor is adsorbed along with prothrombin by alumi- 
num hydroxide when the concentration of the latter is increasi^d to 0.2]\I. 

It might be postulated as Quick (9) has done that dog and rabbit blood con- 
tains several times the concentration of this factor present in human blood. This 
would explain the very short prothrombin times obtained in these animals, which 
Quick interprets as due to a higher concentration of prothrombin. 

Action of Concentrated Fihrinogen-Free Dog Alumina Plasma. The material 
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was prepared as follows; fresh dog plasma was treated with O.IM Al(OH)8 which 
produced a plasma that did not clot. The fibrinogen was removed with human 
thrombin. This plasma deprived of prothrombin and fibrinogen was dialyzed in 
the refrigerator overnight in cellophane bags against 50 per cent dextrin, and a 
concentration of about six times the original was obtained. By the addition of 
only 0.02 cc. of this concentrate to 0.1 cc. of stored human plasma +0.1 cc. of 
thromboplastin +0.1 cc. of calcium chloride it was possible to reduce the pro- 

TABLE 6 


Effect of the addition of the cofactor of thromboplastin and of the fresh and stored human 
plasmas on the prothrombin time of progressive dilutions of human plasma^ including 
results on dicumarol dogs 


CONCENTRATION 

PROTHROMBIN TIME (SEC.) 

MAN PLASMA** 
IN PERCENTAGE 

Fresh 

Fresh -f 0.03 
cc. cone. TBP 
cofactor* 

Fresh -f- 0.03 
cc. fresh 
undil. 

1 Fresh -f- 0.03 
cc. stored 
undil. 

Fresh -|- 0.03 cc. 
fresh undil. •+• 
0.03 cc. cofactor 

Fresh -f- 0.03 cc. 
stored undil. + 
0.03 cc. cofactor 

100 

12 

11 


10 


9 

90 

12 

11 





80 

12 

11 





70 

12 

12 





60 

13 

13 





50 

15 

14.5 


10 


1 0 

40 

16 

14.5 





30 

17 

14 





20 

17.5 

13 





10 

23.5 

13 


14 

i 

11 

5 

50 

50 

17 

19 1 

i 

13 


Dogs injected with dicumarol 
(Prothrombin time after 24 hrs.) 


100 1 

1 

13 



1 1 

10 

46 

45 

16 

. 11 

1 1 


* Prepared from dog plasma. Cone. TBP cofactor « concentrated cofactor of thrombo- 
plastin. 

** Diluted with distilled water. 

thrombin time of the stored plasma consistently from 00 to 7.5 oj* 8 seconds. 
This experiment shows that the substance does not dialyze. 

When the concentrated treated plasma (heated or unheated) is added to stored 
human plasma, the prothrombin time is reduced much below the normal of 12 
seconds. This effect is not obtained when the concentrate is added to fresh 
human plasma, but fresh plasma treated with A1(()H)3 can redu(!e the prothrom- 
bin time of stored plasma to 10 seconds (table 6). 

The fact that fresh plasma treated with Al(OH )3 reduces the prothrombin time 
stored plasma more than of fresh plasma suggests that a change in the fibrin- 
ogen may perhaps occur. Lyons (5) has demonstrated the existence of two kinds 
of fibrinogen which he calls A and B, and states that the latter is easily obtainable 
from stored plasma. It thus appears that stored plasma gradually loses a factor 
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necessary for coagulation, for which the name plasmatic cofactor of thrombo- 
plastin is suggested; and at the same time fibrinogen undergoes a qualitative 
change which renders it more easily coagulable. 

AntithToinhoplcLstiTi and A ntithronihins in Stored Humari Plasma. The presence 
of antithromboplastin was studied by making various dilutions of thromboplastin 
using fresh and stored human plasma as diluents, and after incubation, testing 
the mixture for thromboplastic activity on fresh human plasma. From the re- 
sults as shown in table 5 it can be concluded that no antithromboplastins are 
demonstrable in plasma stored for 6 days. 

The antithrombins of fresh and stored plasmas were studied with serial dilu- 
tions of fresh human thrombin following the techni(]ue of Quick. The results 
recorded in table 5 demonstrate that no antithrombins developed in human 
plasma stored for 48 hours during which period the prothrombin time increased 
from 12 to 18 seconds. In fact, the response to serial dilutions of thrombin was 
better for the 48 hour old plasma than for the fresh plasma. Assuming that 
the delayed prothrombin time is due to the decreasing concentration of the plas- 
matic cofactor, these findings are taken to indicate that: 1, the cofactor must 
act in the thromboplastin-prothrombin phase, rather than in the thrombin-fibrin- 
ogen phase; 2, the fibrinogen present is more readily coagulable than in fresh 
plasma; and 3, no antiihrombins have developed in 48 hours. After six days, 
the findings with thrombin dilutions may w’ell be attributed to the presence of 
anti thrombins. 

The Relation of Prothrombin and the Plasmatic Cofactor to the Prothrombin Time. 
It becomes apparent that tw^o factors determine the lapidity of the prothrom- 
bin time: 1, prothrombin itself (the factor which Quick calls component B) and 
2, the plasmatic factor which the Avriter believes is necessary for the action of 
thromboplastin. This affects the reliability of results obtained aa ith any tech- 
nique in which one of these is not previously stabilized or supplied in excess. 
A means of transforming the thromboplastin cofactor into a constant in the 
prothrombin method of Quick is the previously described use of a special con- 
centrate prepared from dog plasma. The influence of only 0.03 cc. of this con- 
centate on the prothrombin time of normal fresh human plasma in increasing 
dilutions with distilled water (table 6) demonstrates the importance of this 
control. 

From these experiments it may be judged that no more than 10 per cent of 
prothrombin is necessary to obtain times of 13 seconds. 

In order to establish Avhether a given delayed prothrombin time is due to a 
lack of prothrombin or to a lack of cofactor, it is necessary to study the in- 
fluence of the concentrate on the plasma diluted 1/10 and 1/20. If it brings 
about a normalization of the prothrombin time in these dilutions the conclusion 
must be that the prolonged prothrombin time is due to a decrease in the cofactor 
in the plasma and not to a decrease in the prothrombin. The concentrate did 
not produce changes in the prothrombin times of dogs injected Avith dicumarol; 
the deficiency here is in the prothrombin itself. 

In the case of the dogs injected Avith dicumarol, the difference betAveen the 
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normalization produced by the addition of fresh undiluted human plasma (46 to 
16 sec.) and that produced by the addition of stored undiluted human plasma 
(46 to 11 sec.) must be attributed to the difference in the quality of the fibrinogen 
provided by the stored plasma, because the dicumarolized dog plasma supplies 
cofactor in excess. 


SUMMARY 

By means of a standardized technique with aluminum hydroxide and tricalcium 
phosphate in various concentrations it has been possible to establish the propor- 
tions in which the prothrombin and fibrinogen are adsorbed from human, dog, 
and rabbit plasmas. At the same time it has been shown that the plasma factor 
which disappears on storage and which has been designated plasmatic cofactor 
of thromboplastin, does not belong to prothrombin and is also adsorbed by 
A1(0H)3 but to a less extent and is*only completely removed when a 0.2M con- 
centration of aluminum hydroxide is used. A concentration of this cofactor is 
described, involving the total elimination of prothrombin and fibrinogen. The 
ability of this substance to normalize stored human plasma is demonstrated, and 
its place in the control of prothrombin time determination is discussed. 

I wish to thank Dr. Arinand J. Quick for his kind consideration and for placing 
at my disposal the facilities of his laboratory. 

I am also grateful to Dr. Marcel C. Blanchaer for help in the preliminary ex- 
periments on alumina adsorption. 
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In 1856 Hoppe (1) reported that carbohydrate ingestion lowered the nitrogen 
excretion of dogs. This finding was later corroborated by Lusk (2) by a reverse 
exi»rinient on himself which demonstrated that the withdrawal of 350 grams of 
carbohydrate from the diet at two levels of N intake (20.55 and 9.23 grams per 
day) mcreased his urinary N output by 4 grams above the usual values in both 
instances. This protein sparing action of the carbohydrates was also found to 
occur in the fasting dog (3) and man (4). The practical implications of this 
phenomenon were demonstrated by the experiments of Keller (5) Orgler (6) 
and Rosenstern (7) which demonstrated that the N-retention of the’infant from 
a given amount of protein could be greatly augmented by increasing the carbo- 
hydrate content of the diet. More recently Larson and Chaikoff (8) reported 
that m dogs the occurrence and degree of retention of total N, ammonia N 
urea N and inorganic S effected by a single feeding of carbohydrate was inversely 
related to the tunc elapsing between the ingestion of the extra carbohydrate 
and the daily meal and was confined to the 12 hour period immediately succeed- 
mg the administration of carbohydrate. 

In contrast to the clarity of the end result the metabolic mechanics of the 
protein sparing action of the carbohydrates remain obscure. It is generally 
assumed that carbohydrates spare proteins: first, by preventing the formation of 
glucose from amino acids; secondly, by supplying the total caloric needs in the 
form of a tuel which is mobile and readily available, and thirdly, by providing 
Chemical groupings which are easily convertible into amino acids. Experiments 
with phlorhizinized dogs reveal that the phenomenon is not wholly due to an 
isodynamic replacement, since in these test animals ingested glucose spares 
protein despite the fact that the glucose producing the effect is being rapidly 
excreted (8) The direct involvement of the metabolism of the amino Lids 

FoiL^L t R t f indicated by the human experiment of 

Fohn and Berglund (10) which disclosed that a single dose of 200 grams of glucose 
given subsequent to the noon meal caused a transient but marked decrease not 
o^y in the ammo N, non-protein N, and urea N levels of the blood but also of 

hsr ^ Subsequently, Brunschwig and 

his co-workers (11) presented evidence in humans that the ingestion of amino 
mds TOthout glucore tends to lead to a greater output of nitrogen in the urine 
than when glucose is added. Also, the existence of some common pathways in 

‘Aided by grants from the Rockefeller Foundation and Mead Johnson and Company. 
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the intermediaory metabolism of carbohydrates and the anmo acids is suggested 
by the studies of Luetscher (12) who found that the high plasma ^d unna^ 
amino acid levels of patients with diabetes mellitus could be returned to normal 

^^^Iw work of these previous investigators suggested to us that further 
tion on the protein sparing mechanism induced by the carbohydrates coul 
secured by a study of the urinary amino acid excretion patterns prevaihng after 
the administration of carbohydrate (13). The 

which are piesented here showed that in the infant and adult the urinary output 
of total N, amino N and tryptophane was reduced below nomal values in the 
3 hour period following the administration of single doses ol vanous caibo y- 
drates. Inasmuch as the output of the 8 other amino acids measumd was not 
significantly affected, it appears that the sparing mechamsm involves trypto- 
pSne and components of the undetermined fraction of the unnary ammo acid^ 
Experimental. Since it has been shown t^at the protein sparing act on 
of the carbohydrates can be affected at all levels of N intake (2) and that *e 
effect is maximal in the 3 hour period following the administration of the carto- 
hvdrate (8), it was decided to dispense with the measurement ot nitrogen balances 
and to secure our data from the morning urine passed in the 3 hours succeeding 
the ingestion of carbohydrate, a time known to constitute a period of fairly con- 
stant nitrogen excretion provided uniform urine volumes are obtained. Pre- 
Uminary experiments in the adult human led to the adoption of the following 
procedure. Prior to a standard breakfast consisting of 200 cc. ol orange juiM, 
fwo slices of buttered toast and one cup of coffee with crem and ^gar the 
subjects voided and discarded all of the mght unne at 8. TO a.m. ^ 

after the standard breakfast, the zero hour specimens were coUected the^b- 
jects were given by mouth the carbohydrate dose dissolved in 240 cc. of water 
in order to maintain constant urine flow 120 cc. of water were also »^en at ^e 
end of the succeeding hours of the experiment. The urines, 
alcoholic thymol, were collected hourly and analyzed individually or as pools 
for the period of study. The control experiments were similarly performed ex- 
cept that no carbohydrate was fed. . . , f ,i„ 

The infants studied in this investigation were maintained on a formula con- 
sisting of 235 cc. of evaporated milk, 30 grams of dextn-maltose and water to 
,„nlfP 840 cc. which was »ven in five 170 cc. feedings at the following times. 
6 and 10 a.m.’, 2, 6, and 10 p.m. For a determination of the N ^ 

of carbohydrates, 15 grams of sucrose were added to the 10 a.m. feeding. In th 
experiments the urine excreted during the intervals between 6 a^m., 10 a.in. ^d 
2Tm. feedings were collected separately by means of unnary adapters for each 
period and immediately submitted to analysis. ^ 

‘^Results. The effects of carbohydrate feeding on t^tophane and ^hm 
nitrogenous excretory products were reported teefiy elsewhere (13)^ 
experiments disclosed that the nitrogen and tryptop^e^spanng ac rion d the 
various sugars could be consistently demonstrated only when optimal 
urine was effected. By varying the total water intake for the 3 hour penod frmn 
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100 to 960 cc., it was found that the output of tryptophane and other urinary 
metabolites became maximal and fairly constant at an intake of 480 cc. or more 
of water providing the urine volume was greater than 85 per cent of the intake. 

The typical data collected in table 1 which were obtained when 480 cc. of 
water were given indicate the effect of carbohydrate on the tryptophane is tran- 
sient and is not detectable in the fourth hour following the ingestion of extra 

TABLE 1 


Effect of sucrose feeding on urinary output of total tryptophane 


SUBJECT 

SUCROSE 

ADMINISTERED 

HOURS AFTER SUCROSE INGESTION 

TOTAL 

OUTPUT* 

0 

1 

2 

3 

4 


grams 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

A, male, 70 kgm. 

None 

3.5 

3.1 

4.7 

4.1 

3.6 

11.9 


25 

3.9 

0.0 

0.0 

0.0 

3.0 

0.0 

J, female, 60 kgm. 

None 

3.8 

4.2 

4.0 

4.1 

4.4 

12.3 



25 

3.0 

4.5 

0.0 

0.0 

4.7 

4.5 


* This includes amount of total tryptophane excreted in 3 hour period following ad- 
ministration of sucrose. 


TABLE 2 


Effect of single feeding of different sugars on the nitrogen excretion of the normal adult human 
The subjects breakfasted at 8:00 a.m. and were fed the various sugars at 9:00 a.m. 
All measurements were made on specimens collected from 9:00 a.m.-12 noon. 


SUBJECT 

A, 

MALE, 70 KGM. 

F, FEMALE, 50 KGM. 

I, FEMALE, 60 KGM. 

Sugar fed 

ToUl N 

Amino N 

Trypto- 

phane 

Total N 

Amino N 

Trypto- 

phane 

Total N 

Amino N 

Trypto- 

phane 


mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

None* 

1616 

39.9 

11.8 

1453 

37.4 

12. 1 

1684 

29.9 

18.2 

25 gm. glucose* 

50 gm. glucose i 

1272 1 

29.0 

0.6 

996 

23.2 

5.6 

1564 

1505 

28.3 

29.4 

7.8 

6.1 

25 gm. sucrose* 

50 gm. sucrose 

25 gm. fructose 

25 gm. arabinose 

1209 

1435 

1450 

29.3 1 

24.9 

36.5 

0.0 

0.0 

14.8 

1081 

1285 

30.8 

31.9 

3.9 

4.1 

1477 

32.1 

4.6 


* Average results of 3 experiments. 


sugar. In sevT^ral instances, however, the effect lasted through the fourth and 
fifth hours after the administration of sucrose. The effects of single doses of 
different amounts of various sugars on the total N (14), amino N (15), and 
tryptophane (16) output of the adult under the conditions noted are shown in 
table 2, It will be seen from these results that a, the ingestion of glucose and 
fructose as well as sucrose causes the output of total urinaiy tryptophane to 
fall below the control levels; 5, the feeding of 50 grams of these carbohydrates 
caused no greater decrease in the tryptophane excretion than the 25 gram dose, 
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and c, in general the carbohydrate induced fall in urinary trs^ptophane was 
paralleled by a drop in amino N and total N values. Attention is called to the 
fact that the drop in tryptophane excretion does not account for tbe total fall 
in amino N output, so that the levels of amino acids other than those measured 
must be affected by the carbohydrate ingestion. It is of interest that, unlike 
the total N output, the amino N and tryptophane levels of the urine were not 
effected by the administration of the unphysiological carbohydrate, arabinose. 

The findings in the study of the infant parallel those of the adult (table 3). 
Moreover, the analytical data show that the retention effected by the extra 
carbohydrate feeding in period 2 is compensated for the most part by a rise 

TABLE 3 


Effect of single feeding of sucrose on the nitrogen excretion of the infant 


SUBJECT 

EXFEK* 

Zi(ENX 

1^0. 

umiNAky 

METABOLITES 

KOKMAL DIET 

NOBMAL DIET WITB 15 C1AM8 
SUCBOSE SUPPLEMSIIT OXVBM 
AT 10:00 AM. 

Period 1 
6-10 a.m. 

Period 2 
10 a.m.- 
2 p.m. 

Period 3 
2-6 p.m. 

Period 1 
6-10 a.m. 

Period 2 
10 a.m.- 
2 p.m. 

Period 3 
2-6 pan. 



mgm. 







Golden, 6 raos., 4.7 

1 

Total N 

311 

409 

432 

319 

311 

373 

kilos; 840 cc. of 


Amino N 

3.4 

4.2 

3.4 

4.6 

3.4 

6.6 

formula daily in 


Tryptophane 

4.7 

6.6 

7.2 

5.8 

2.1 

7.2 

five feedings 










2 

Total N 

387 

418 

388 

296 

172 

704 



Amino N 

13.7 

16.4 

11.2 

8.1 

4.2 

18.2 



Tryptophane 

4.7 

4.7 

4.1 

1 

4.6 

1.4 

8.8 

Harris, 4 mos., 4.8 

3 

Total N 

264 

206 

430 

279 

118 

443 

kilos; 840 cc. of 


Amino N 

6.1 

6.8 

6.7 

8.3 

3.0 

14.6 

formula daily in 


Tryptophane 

7.0 

6.4 

6.3 

4.5 

1.1 

6.7 

five feedings 










4 

Total N 

209 

423 

421 

281 

278 

406 



Amino N 

7.6 

15.3 

14.3 

11.2 

10.7 

19.1 



Tryptophane 

4.2 

4.7 

7.7 

5.2 

3.0 

6.1 


in the output of nitrogen containing metabolites in period 3. Similar observa- 
tions were made in the dog by Larson and Chaikoff (8). 

Comment. The findings reported here amply confirm in man the observa- 
tions of Larson and Chaikoff (8) on the effect of single doses of carbohydrate on 
the urinary nitrogen output of the dog. Our failure to note any effect of the 
carbohydrates on the inorganic of other sulfur constituents of the urine which 
they found to occur in the dog may be due in part to differences in the metabolic 
requirements of the sulfur amino acids of man and the fur-bearing animals which 
are suggested by the recent report of Cox and collaborators (17). 

The observation that the mechanism of the carbohydrates involves the es- 
sential amino acid tryptophane, which is considered to be neither ketogenic nor 
glucogenic (18), lends support to the prevailing view that the phenomenon is not 
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due to a simple transposition of energy either in the form of calories or chemical 
radicms. The transient nature of the observed effect suggests that the bio- 
cheinical reaction is an immediate rather than a secondaiy one as is the case in 
the tryptophane sparing effect of carbohydrates observed in the rat by Krehl 
and co-workers (19) which they believe to arise from an improved intestinal 
^thesis a^orded by some protein-carbohydrate relationships. Inasmuch as 
the method employed for the estimation of tryptophane appears to measure 
both free and bound tryptophane our data fail to disclose which urinary trypto- 
phane fraction is reduced by the administration of extra carbohydrate. In- 
fomation on this point might reveal in which metabolic phase, anabolic or 
catabolic, the sparing action was affected. Pending the development of suitable 
techmques for the estimation of the two urinary tryptophane fractions and the 
^ino acids of the undetermined amino N moiety, it would seem unwise to 
theonze on the reported observations. 

SUMMARY 

It has been observed that the administration of single doses of various carbo- 
hydrates to adult humans and infants induces a transient fall in the level of total 
unnary tryptophane which is associated with a decrease in amino N and total N 
excretion. The output of the other chemically measurable amin- acids seemed 
to be affected by the carbohydrate ingestion. The significance of these findings 
IS discussed. 
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In 1941 the authors (1) suggested that copious lactation could be initiated only 
when a, there is a well developed mammary gland present, and b, when there is 
a high lactogen content in the pituitary. lA)bule-alveolar mammary growth 
had been shown to be complete by mid-pregnancy (for review see Turner, 3), 
while numerous studies of the lactogen content of the pituitary revealed that it 
remains low during pregnancy in, most animals studied but increases sharply, 
by several hundred percent, soon after parturition (for review see Meites and 
Turner 3, 4, 5,) and Hurst and Turner (0)). As a result of these findings it 
was postulated that the principal reason copious lactation was not initiated 
during pregnancy or pseudopregnancy w'as because of insufficient secretion of 
pituitary lactogen. 

Attempts to initiate lactation with lactogenic extracts dining pregnancy m 
guinea pigs, rats, rabbits and goats usually resulted in resoiption of the embryos 
or abortion of the fetuses, with, the consi^quent onset of lactation (7, 8, 9, 10). 
In no instance was lactation reported to precede abortion or resorption of the 
embryos. In the rabbit, Dt^ Fremery and Denekamp (8) found that daily sub- 
cutaneous injections of lactogen for five days during the first, second or third 10 
days of gestation (a rabbit has a gestation period of approximately 30 days) in- 
variably resulted in abortion or resorption. Wliile these experiments demon- 
.strated that the mammary glands of pregnant animals were capable of secretmg 
milk, they seemingly substantiated the view" of those who believed that some 
inhibitory factor or factors prevented the harmonious co-existence of pregnancy 
and lactation. Since this view' was contradicted by the fact that pregnancy and 
lactation do go simultaneously in many species without serious detriment to 
either process (1), it seemed to the writers that the termination ol pregnancy 
induced by lactogenic extracts was probably due to some impurity associated 
ivith the available lactogen preparations. 

In 1942 Lyons (11) demonstrated for the first time the direct action of lactogen 
on the mammary gland. He was able to induce a localized lactation in one small 
sector of the rabbit mammary gland by the intraductal injection of as little as 
1-3 I.U. of lactogen. This technique provided an opportunity to inject an 
amount of lactogen small enough, it was hoped, to initiate a localized lactatimi 
without terminating pregnancy. 

> Contribution from the IJepartment of Dairy Husbandry, Missouri Agricultural Experi- 
ment Station, Journal S^^ries no. 1045. 
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Experiment 1, Thirty-one pregnant and pseudopregnant New Zealand White 
rabbits were injected with various doses of lactogen by the intraductal route. 
Pseudopregnancy was usually induced by a single intravenous injection of 200 
I.U. of chorionic gonadotrophin.^ All lactogen doses were given in either single 
or multiple injections, in i ml. volumes, beginning on the 10th or 15th days of 
pregnancy or pseudopregnancy, and the animals were killed 5 days later. Four 

TABLE 1 


Mammary sector reactions to varying doses of lactogenic hormone during 'pregnancy and 

pseudopregnancy 


NO. OP 
RABBITS 

CONDITION OP 
DOES 

LACTOGEN UNITS INJECTED 
PE* DOE* 

DAY KILLED 

STATE OF FETUSES 

NO. OF POSITIVE 
RESPONSES 

5 

Pregnant 

5 I.U. on days 15, 16, 
17, 18 

20 

Alive 

44* 

3 

Pregnant 

10 I.U. on day 15 

20 

Alive 

3-1- 

2 

Pregnant 

10 I.U. on day 15 

Permitted to 
go to partu- 
. rition 

Normal lit- 
ters 

2-f- 

3 

Pregnant 

5 I.U. on days 10, 11, 
12, 13 

15 

Involuting 

2-f 

2 

Pregnant 

50 I.U. on day 10 

15 

Involuting 

2+ 

2 

Pregnant 

10 I.U. on day 10 

Permitted to 
go to partu- 
rition 

Normal lit- 
ters 

2+ 

3 

Pseudo - 
pregnant 

5 I.U. on days 15, 16, 
17, 18 

20 


.3+ 

3 

Pseudo- 

pregnant 

10 I.U. on days 15, 
16, 17, 18 

1 20 


[general 
3-f- jlacta- 
Ition 

3 

Pseudo- 

pregnant 

10 I.U. on day 15 

20 


3-P 

3 

Pseudo - 
pregnant 

5 I.U. on days 10, 11, 
12, 13 

15 


3-f 

2 

Pseud 0 - 
pregnant 

50 I.U. on day 10 

15 


2-f 


* Only one nipple was injected in each rabbit. 


pregnant rabbits were permitted to continue their pregnancies to term. Only 
one teat was injected per rabbit, but as each teat “usually had 6 excretory milk 
ducts no attempt was made to inject the lactogen into the same duct when 
multiple injections were given over a 4-day period. 

Results and discussion. It will be seen that with two exceptions lactation 
was induced in all the pregnant and pseudopregnant rabbits (table 1 ) . In agree- 

* We wish to thunk Ayerst, McKenna and Harrison Ltd., Rouses Point, N. Y., for the 
chorionic gonadotrophin, ‘A.P.L.” 
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ment with Lyons (11), a considerable variation in individual response was found. 
On the whole a single injection of 10 I.U. of lactogen into one duct of a teat was 
more effective than 4 injections of 6 I.U. daily into different ducts of the same 
teat. When the injections were begun on the 16th day, milk could usually be 
expressed from the nipple by the 18th day. No remarkable difference in lacta- 
tional response was noted between the pregnant and pseudopregnant rabbits. 

Pregnancy was not terminated in any of the 10 rabbits which received injec- 
tions beginning on the 15th day, and the two rabbits which were permitted to live 
beyond the 20th day dropped normal litters on the 31st day. Lactation had 
been induced in 9 of these rabbits. 

In rabbits injected with total dosages of 20 to 50 I.U. of lactogen beginning 
on the 10th day of pregnancy, resorption of the embryos occurred in the five 
rabbits killed on the 15th day. Lactation had been initiated in four of these 
animals. In the remaining two rabbits, which had each received a single injec- 
tion of 10 I.U. of lactogen, a small amount of milk could be expressed from the 
injected teats by the 15th day. These does were permitted to continue in what 
was hoped was still k normal pregnant state, and they both dropped viable litters 
on the 31st and 32nd days. 

It is noteworthy that three of the rabbits in whom resorption occurred follow- 
ing the injections begun on the 10th day of pregnancy received no more lactogen 
(20 I.U.) than five rabbits injected beginning on the 15th day and in whom the 
fetuses lived. Since it has been claimed that the pituitary factor which maintains 
luteal function during the first half of pregnancy (luteotrophin) is lactogen, it 
seems rather contradictory that the injection of a small dosage (0.66 mgm.) of 
this hormone should terminate pregnancy. It is possible, however, that the 
embryos are more sensitive to any contaminant in the lactogen during the earlier 
period since Hammond and Marshall (12) reported that fixation of the embryos 
and formation of the placentae take place in the rabbit on the 10th or 11th day 
of pregnancy. It is also noteworthy that the ovaries of the rabbits in whom 
resorption took place contained many blood follicles and were highly vascularized, 
showing that an intense stimulation had occurred. However, it is not known 
whether this was associated with the termination of pregnancy. 

These data are believed to confirm the previously expressed view that lactation 
is not initiated during most of pregnancy, or during pseudopregnancy, primarily 
because^ insufficient lactogen is being secreted by the pituitary. A localized 
lactation was induced in ifiost of the pregnant rabbits reported here without 
interfering with pregnancy (see fig. 1 for type of lactation induced). It is be- 
lieved that if a sufficient dosage of truly pure lactogenic hormone were injected 
systemically, a generalized lactation could be initiated without terminating 
pregnancy. That the two processes of lactation and pregnancy are not antago- 
nistic is known from the fact that they can be present simultaneously in many 
species, including the mouse, rat, rabbit, goat, cow and human. 

Experiment 2. Bergman and Turner (13) defined the specificity of lactogenic 
hormone as its ability to initiate lactation in intact animals with properly devel- 
oped mammary glands. In support of this thesis they demonstrated in pseudo- 
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pregnant ral)bits that while lactation couhi l)e induced with lactogenic hormone' 
which was ndatively frc'e of other pituitary hormones, pituitary extracts relatively 
free of lactogen covdd not induce' lae^tatiem. The identity of lactogen with the 
pigeon cre)p proliferating factor was also estahlishe'd by showing that its lactation 
inelueang ability was direed.ly related to its pigeon cre)p proliferating potency (13, 
14). Later Lyons (11) provideel j)e)sitive pre)e)f of the elirect action e)f lactogen on 
the mammary epithelium. 

Sine^e Lyeins hael shejwn that a le)e*alize*el lae*tatiejn e*oulel be ineluceel in the' 
rabbit mamm<iry glanel with a small intraeiuctal injection e.)f lactoge^n, it was 
elecieled to apply this te'chniejue te) ele'teimine whether ejther heirmones were also 
e'apable e)l inducing lae'tation. The fe)lle)wing hewmones were injected into sepa- 
late nipples of each of 3 pse'uele)pregnant rabbits: lactogen, whole pituitary ex- 
tract, thyrotrophin, thyroxine anel aeh'e'ual cortical hormone.^ Each e)f these 
hormone's was gi\'e‘n in a single 0.5 ml. intraeiue-tal injection into the same 5 teats 



1. KlTcct of (lifferoiit honnoaes injocled intraduct ally into individual t eats of 
a |)S('udoj)r(‘gnant rabbit. Tins whole mount of the niammarv gland shows the local 
lactational response induced with lactogen. The lesser response obtained with whole 
pituitary extract had largely faded by the time this picture was taken (about 48 hrs. 
post mortem). 

in each rtibbit. All injections wt'ix' made' under ether anesthesia on the 15th day 
of pseudopn'gnancy, and the animals wt're killed 5 days later. 

The n'sults are summarized in table 2. It will be seen tliat only tliose mam- 
mary sectors tvliich received lactogen or whole pituitary cxtruct came into lacta- 
tion. Figure 1 providt's a striking illustration of the type of localized lactation 
induced in one small sector of tlu' mammary gland l)y a singk' ititraduct al injec- 
tion of extract containing lactogen. Ikxiadoxically, the lactation induced by 
the wliole pituitaiy ('xtiact did not equal that induced by the lactogenic hor- 
mone, despite the fact tluit tlie former prt'sumably contained as much lactogen 
as the latter. However, the whok' pituitary extract v as prepared and assayed 
in 1941, and even though it had been stored as a dry powder, it may have lost 

3 Wc arc indebted to the Seheriiig C4)rp., Bloomfield, N. .1., for the lactogen; the Upjohn 
(k)., Kalamazoo, Midi., for the adrenal cortex extract; the British Drug Houses, Ltd., 
London, for the thyroxine; and to Dr. A. J. Bergman, formerly of this laboratory, for IhJ 
whole pituitary and tliyrotrophic extracts, and for their assays. 
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some of its original potency. In no case did the thyrotrophin, thyroxine oi 
adrenal cortical hormone induce lactation. An examination of the ovaries of 
these rabbits revealed that multiple ovulation and formation of corpora lutea 
occurred in each case. 

These experiments, although limited in number, are believed to demonstrate 
that there is no basis for the claim that other hormones, particularly those con- 
trolling or emanating from the adrenals or thyroids, have an eciual claim with 
lactogen to be considered as specific lactation inducing hormones. Only lactogen 
is capable of acting directly on the mammary epithelium to induce lactation. 
Other hormones are believed to be essential or supplemental to lactation only 
insofar as they influence important metabolic proc-essi's necessary to the molnliza- 
tion of milk precursors in the blood, i.e., sa.lt and water metabolism; caibohy- 


TABLE 2 

Mammary Hector reactions to 5 different hormones injected into 5 separate nipples of each of 

S rabbits 


HORMONE INJECTED 


DOSAGE or HORMONE 

AVERAGE REACTION 
PER GLAND SECTOR* 

mgm. 

Approx, units 


Lactogen 

0.33 

10 I.U. 

+ + + 

Whole pit. ext.** 

2.20 

10 I.U. lactogen 

6.5 chick units thyrotrophin 

2.3 chick units gondadotrophin 

0.2 chick units adrenotrophin 

4-4- 

Thyrotrophin** 

Thyroxine 

Adrenal cortex 

5.00 

0.20 

20,000.00 

55 chick units 

— 


Approx. 

25 dog units 

— — - 


•The Gardner-Turner (15) method of rating rabl)it mammary responses was used. 
•* The assays of tliese hormones were made aceording to the methods described ly 
Bergman and Turner (16). 


drate, fat and protein metabolism; metabolic, rate, etc. This explains why the 
pituitary and adrenals are essential for normal lactation, and why whole pituitary 
extracts’ are more effective than lactogen alone in augmenting established 
lactation. 


SUMMARY 

Lactation was induced in pregnant and pseudopregnant rabbits by injecting 
relatively small amounts of lactogenic hormone intraductally into localized sec- 
tors of the rabbit mammary gland. Either single or four daily injections were 
made directly into one nipple of each rabbit. Nine of ten rabbits injecterl 
.ning on the 15th day of pregnancy came into lactation, usually by the 18th da.y, 
without disturbing 'the pregnant state. Resorption of the embryos occurred in 
5 rabbits given 20 to 50 I.U. of lactogen beginning on the 10th day of pregnancy, 
but not in two does given a single injection of 10 I.U. of lactogen. Pseudopreg- 
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nant rabbits responded similarly to pregnant rabbits when given the same dosage 
of lactogen. Better lactational responses were obtained when injections were 
begun on the 15th than on the 10th day of pregnancy or pseudopregnancy. 

These experiments are believed to demonstrate that the principal reason lacta- 
tion is not normally initiated during pregnancy or pseudopregnancy is because of 
an insufficient secretion of lactogen by the pituitary. For the first time lactation 
has been initiated in pregnant animals by exogenous lactogen administration 
without terminating pregnancy. 

In another experiment attempts were made to determine whether hormones 
other than lactogen could induce localized lactation by the intraductal injection 
technique. On the 15th day of pseudopregnancy three rabbits received single 
injections into 5 nipples of each of the following hormones: lactogen, whole 
pituitary extract, thyrotrophin, thyroxine and adrenal cortical hormone. Only 
the mammary sectors which received lactogen and whole pituitary extract came 
into lactation. This is believed to show that only lactogen has the specific 
property of acting directly on the mammary epithelium to induce lactation, 
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The production of diabetes mellitus by the injection of suitable crude anterior 
hypophyseal extracts into normal animals (1, 2, 3) is a well recognized phenom- 
enon. Equally well known is the fact that hypophysectomy lessens the 
severity of the diabetes in a depancreatized animal (4) and that suitable crude 
hypophyseal extracts, when injected into such a doubly operated animal, rein- 
vbke diabetes mellitus in its full severity. Whether these effects of crude ex- 
tract are due to theit content of one of the known hormones, to some unknown 
factor, or to a synergistic effect between some of the known hormones is not clear. 
Relatively little work has been done with chemically or biologically pure prepara- 
tions. Anderson, Marx and Fong (5) have reported that biologically pure 
growth hormone increased the glycosuria of partially depancreatized rats sup- 
plied with sucrose in their drinking water. Ingle, Li and Evans (6) used chem- 
ically and biologically pure adrenocorticotropic hormone and produced gly- 
cosuria and increased nitrogen excretion in normal rats forced fed a high 
carbohydrate diet. It is the purpose of this paper to report the effects produced 
in diabetic rats by chemically and biologically pure growth and adrenocortico- 
tropic hormones. 

Materials and methods. In these experiments male rats of the Long-Evans 
strain weighing approximately 200 grams were used. Diabetes mellitus was 
produced by the intraperitoneal injection on each of two successive days of 
alloxan monohydrate (Eastman) at a dose level of 200 mgm. per kgm. body 
weight. Animals with persistent severe diabetes exhibiting a daily glycosuria 
of more than 3.5 grams were selected for study. During metabolic study the 
animals were maintained in individual metabolism cages and were fed a re- 
stricted, weighed amount of the stock^ diet so adjusted that all diet was consumed 
each day. Thus each animal reported in this paper was maintained on a constant 
food intake thrdugh the entire experimental period. The animals were fed at 
the same time each day and were weighed prior to feeding. Urine was collected 
daily under toluene and was analyzed for glucose and total nitrogen by the 
Shaeffer-Somogyi (7) method and the micro-Kjeldahl procedure. Yeast fer- 
mentation studies demonstrated that the daily excretion of non-fermentable 

» Aided by grants from the Research Board of the University of California, the James 
Foundation Grant of the Medical School, and the Roekefeller Foundation of New York 
City. 

* The diet consisted of ground whole wheat 68| per cent, fish oil 5 per cent, casein 5 per 
cent, alfalfa leaf meal 10 per cent, fish meal 10 per cent, and sodium chloride 1| percent. 
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reducing substances was never more than 80 mgm. per day and so only the data 
for total reducing substances are reported in this paper. 

The hormone preparations used were prepared according to the previously 
published methods (8, 9) and in most instances were injected subcutaneously 
three times a day. The hormone was injected foi* 5 or (> days and before its 
administration the glucose and nitrogen excretion was followed for a control 
period of from 10 to 17 days. When insulin was given it was in the form of 
protamine zinc insulin and was administered once daity subcutaneously. Sta- 
tistical analysis according to the methods of Fisher (10) was made for each ani- 
mal, comparing the significance of the change between the control and injection 

TABLK 1 


The effect of 3 mgm. per day of growth hormone on the glycosuria of diabetic rats 


SAT NO. 

FOOD 

INTAKE 

INSULIN DOSE 
PEB DAY 

MGM. UBINAKY GLUCOSE PER DAY 

Control period before 
growth hormone 

Growth hormone treatment 
period 

P 

Mean change 
from the 
control period 



gms. 






B 

8261 

20 

None 

5420 ± 130»(1.5)t 

6670 dr 260(6) 

<0.01 

+1250 

B 

8854 

20 

None 

5820 db 220(15) 

5940 dr 240(6) 

0.70 

+120 

B 

8261 

20 

None 

7440 ± 220(17) 

8150 dr 200(6) 

0 .05 

+710 

B 

8255 

15 

None 

5120 rb 90(13) 

5630 dr 230(6) 

0.015 

+510 

W 

5538 

16 

None 

5720 db 80(13) 

6080 dr 400(6) 

0 .20 

+300 

G 

5531 

16 

None 

5700 ± 90(13) 

6970 dr 230(6) 

<0.01 

+ 1880 

B 

7504 

18 

None 

6710 ± 70(14) 

6530 rb 430(6) 

0.50 

-180 

B 

7047 

IS 

None * 

6560 ± 100(13) 

7120 dr 340(6) 

0.03 

+560 

B 

7060 

18 

1 .5 units 

2330 ± 400(10) 

2310 rb 340(6) 

>0.90 

-20 

BH 6882 

18 

1 .5 units 

1660 dz 170(10) 

3410 dr 350(6) 

<0.01 

+1750 

BH 7088 

18 

1 .5 units 

220 dr 60(10) 

750 rb 220(6) 

<0.01 

+530 

B 

7081 

18 

1 .5 units 

500 dr 120(10) 

465 db 140(6) 

>0.90 

1 -35 

B 

7040 

1 18 

1 .5 units 

1060 rfc 210(10) 

1090 dr 160(6) 

>0.90 

+30 


* Standard deviat ion of th(3 mean. 

t The figure in the parentheses indicates the number of days’ oh8ervati(»n. 


period. A p value of 0.01, indicating one cliance in one hundred that the ob- 
served difference could be due to random variation, was taken as significant. 

Results. In tables 1 and 2 are presented the data which summarize the 
experiments in which growth hormone was administered at a level of 3 mgrn. 
per day. It will be seen that in each case in which exogenous insulin was sup- 
plied and that in five of the eight, experiments in which no exogenous insulin 
was supplied there was a significant nitrogen retention as shown by the decrease 
in urinary nitrogen excretion. The effects upon the degree of glycosuria were 
not so consistent, as there was a significant increase in glycosuria in only four 
of the thirteen experiments. Ten additional experiments were done in which 
only 1 mgm. of growth hormone was administei*ed per day; in five of these 
experiments insulin was also given and in all five there was a definite nitrogen 
retention. In the other five animals no insulin was administered but there was 
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nevertheless a definite nitrogen retention in four of the five cases. None of 
the ten animals receiving the smaller amount of growth hormone exhibited a 
significant change in glycosuria. 

In tables 3 and 4 are presented the data summarizing the experiments in which 
3 mgm. of adrenocorticotropic hormone were given per day. It will be seen that 
in every case, regardless of whether exogenous insulin was given, there was a 
marked increase in the degree of glycosuria with a p value of less than 0.01 
in ten of the twelve cases. There was an associated increase in nitrogen excre- 
tion in each instance, being statistically highly significant in all but five of the 
animals. Five additional experiments were done in which only 1 mgm.pf adreno- 
corticotropic hormone plus insulin was administered per day. In none of these 

TABLE 2 

The effect of S mgm. per day of growth hormone on the urinary nitrogen excretion 


of diabetic rats 





UGIC. UKINAKY NITROGEN PER DAY 


SAT NO. 

FOOD 

INTAKE 

insulin dose 

PEK DAY 

Control period before 
growth hormone 

Growth hormone treatment 
period 

P 

Mean change 
from the 
control period 

B 8261 

gtns. 

20 

None 

382 ± 5(15) 

392 ± 5(6) 0 .25 

+ 10 

B 8854 

20 

None 

423 ± 15(15) 

366 ± 13(6) 0 .02 

-67 

B 8261 

20 

None 

406 ± 8(17) 

362 ± 15(6) <0 .01 

-44 

B 8255 

15 

None 

340 ± 15(13) 

306 =h 8(6) 0.15 

-34 

W 5538 

16 

None 

346 ± 5(13) 

250 ± 12(6) <0.01 

-96 

G 5531 

16 

None 

369 ± 9(13) 

249 ± 12(6) <0.01 

-120 

B 7504 

18 

None 

454 ± 7(14) 

355 ± 18(6) <0.01 

-99 

B 7047 

18 

None 

426 ± 7(13) 

381 ± 13(6) <0.01 

—45 

B 7060 

18 

1 .5 units 

351 ± 8(10) 

266 ± 19(6) <0.01 

— 85 

BH 6882 

18 

1 .5 units 

356 ± 12(10) 

284 ± 14(6) <0.01 

-72 

BH 7088 

18 

1 .5 units 

379 ± 7(10) 

272 ± 16(6) <0 .01 

-107 

B 7081 

18 

1 .5 units 

292 ± 15(10) 

234 ± 12(6) <0.01 

—58 

B 7040 

18 

1 .5 units 

364 ± 8(10) 

252 ± 16(6) <0.01 

-112 


animals was there a change in either nitrogen excretion or glycosuria that was 


judged to be significant. 

With both hormones the body weights of the animals reflected the changes 
in nitrogen excretion, gain in weight occurring when nitrogen was retained and 
loss in weight occurring when nitrogen excretion was increased. The maximum 
rate of gain occurred in those animals receiving both growth hormone and insulin, 
reaching an average of 7 grams per day for a 5-day period in one animal. 

Discussion. It seems quite clear that the effect of growth hormone at both 
levels of administration and either with or without administration of additional 
inaiilin WAS to promote nitrogen storage, as there was a significant decrease in 
nitrogen excretion in nineteen of twenty-three experiments. Thus in the dia- 
betic rat growth hormone has the same effect upon nitrogen metabolism as it 
does in the normal rat. It seems equally clear that at the 1 mgm. level there 
was no significant effect on glycosuria, while at the 3 mgm. level it apparently 
enhanced glycosuria in approximately one-third of the cases. 
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Thus growth hormone is not diabetes enhancing with respect to its effects 
upon nitrogen excretion, but may be with regard to glycosuria when adminis- 

TABLE 3 


The effect of 3 mgm. per day of adrenocorticotropic hormone on the glycosuria of 
diabetic rats. Values for glucose reported as milligram per day 





MGM. URINARY GLUCOSE PER DAY 


RAT NO. 

INTAKE 

PER DAY 

Control period before 
adrenocorticotropic 
hormone 

Adrenocorticotropic 
hormone treatment period 

P 

Mean change 
from the 
control period 

B 8255 

gms. 

20 

None 

6280 rb 90(15) 

7180 ± 140(5) <0.01 

+900 

B 5931 

15 

None 

3650 rfc 180(13) 

4440 db 500(5) 0.05 

+790 

B 5927 

20 

None 

5960 ± 180(14) 

7960 ± 350(5) <0.01 

+2000 

W 5538 

20 

None 

6050 ± 150(15) 

7810 ± 400(5) <0.01 

+ 1760 

G 5531 

20 

None 

5980 ± 160(15) 

7380 ± 300(5) <0.01 

+ 1400 

B 8261 

20 

None 

5420 ± 130(15) 

7360 ± 190(5) <0.01 

+1940 

B 8854 

20 

None 

5820 db 220(15) 

7270 d= 260(5) <0.01 

+1850 

G 8261 

20 

None 

7440 ± 200(17) 

8890 d= 70(5) <0.01 

+1450 

B 8261 

18 

2 ,0 units 

2380 ± 195(13) 

3850 d= 620(6) <0.01 

+1470 

B 8854 

18 

2 .0 units 

950 rfc 140(13) 

5400 =b 1000(6) <0.01 

+4450 

G 8261 

18 

2 .0 units 

1510 db 280(13) 

6080 db 620(6) <0.01 

+4570 

G 7018 

18 

1 .5 units 

680 d= 100(10) 

1170 d= 290(6) 0.05 

+490 


TABLE 4 


The effect of S mgm. per day of adrenocorticotropic hormone on the urinary nitrogen 
excretion of diabetic rats. Values for nitrogen reported as milligram per day 





MGM. 

URINARY NITROGEN PER DAY 


RAT NO. 

INTAKE 

PER DAY 

Control period before 
adrenocorticotropic 
hormone 

Adrenocorticotropic 
hormone treatment period 

P 

Mean change 
from the 
control period 

B 8255 

gms. 

20 

None 

476 ± 4(15) 

486 ±12(5) 0.30 

+10 

B 5931 

15 

None 

327 d= 8(13) 

344 + 17(5) 0.30 

+17 

B 5927 

20 

None 

442 ± 8(14) 

499 ± 30(5) 0.01 

+57 

W 5538 

20 

None 

466 ± 8(15) 

530 ± 23(5) <0.01 

+64 

G 5531 

20 

None 

488 ± 7(15) 

509 ±21(5) 0.20 

+21 

B 8261 

20 

None 

382 ± 5(15) 

460 ± 22(5) <0 .01 

+78 

B 8854 

20 

None 

423 + 15(15) 

510 ± 27(5) <0.01 

+87 

G 8621 

20 

None 

406 dz 8(17) 

479 ± 13(5) <0.01 

+73 

B 8261 

18 

2 .0 units 

275 ± 9(13) 

326 ± 24(6) 0.02 

+51 

B 8854 

18 

2 .0 units 

269 ± 7(13) 

394 ± 27(6) <0.01 

+125 

G 8261 

18 

2 .0 units 

296 ± 3(13) 

366 ± 15(6) <0.01 

+76 

G 7018 

18 

1 .5 units 

332 ± 6(10) 

363 ± 16(6) 0.03 

+31 


tered at the higher dose level. Since the alloxanized rats with which we worked 
undoubtedly retained some functioning islet tissue, the fact that growth hormone 
promoted nitrogen storage even though no exogenous insulin was supplied can- 
not be construed to indicate that this effect does not require the presence of in- 
sulin, or that growth hormone would have the same effect in a completely de- 
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pancreatized animal without exogenous insulin. Since the nitrogen retaining 
effect of growth hormone occurred even in the presence of an increase in glyco- 
suria it is highly unlikely that this effect on nitrogen metabolism could be 
mediated by stimulation of the islets of Langerhans to increase their insulin 
output. 

The effect of adrenocorticotropic hormone at the 1 mgm. level was not sig- 
nificant while at the 3 mgm, level it increased both glycosuria and nitrogen 
excretion. Thus adrenocorticotropic hormone is clearly diabetes enhancing 
and “anti-insulin” in its effects on both nitrogen and glucose excretion in the 
diabetic rat, in that it produces the characteristic effects of insulin deficiency. 
It is also to be noted that the effects of growth hormone on nitrogen excretion 
were demonstrated more consistently than wei-e its effects on glycosuria while 
for adrenocorticotropic hormone the reverse was true. 

It is of interest to no':e in the experiments with adrenocorticotropic hormone 
in which no exogenous insulin was given that, on the average, the nitrogen 
excretion increased 51 mgm. per day while the glycosuria increased 1480 mgm. 
per day. If one accepts a D/N ratio of 3.05 as representing maximum glyconeo- 
genesis from protein, the increase in nitrogen excretion w ould account for only 
180 mgm. of the extra glucose excreted. Even if one assumed complete con\er- 
sion of protein to glucose the extra protein broken down is still inadecpiate to 
account for the jidditional glycosuria. How'e\'er, it is not necessary to assume 
gluconeogenesis from any non-carbohydi‘ate source to explain the observed 
effects in these experiments, since the glycosuria never exceeded the dietary 
intake of pre-formed carbohydrate. 

SUMMARY 

1. Growth hormone produced nitrogen storage and adrenocorticotropic hor- 
mone produced nitrogen loss in rats with alloxan-induced dialietes, both with 
and without exogenous insulin. 

2. Growth hormone occasionally produced an increase and adrenocortico- 
tropic hormone consistently produced a marked increase of the glycosuria of 
rats with alloxan-induced diabetes, both with and without exogenous insulin. 
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In 1943 Quick (1) observed that the prolonged prothrombin time of stored 
oxalated human plasma could be restored to normal by the addition of fresh 
rabbit or dog plasma treated with Al(OH )3 or by plasma from dicumarol poisoned 
animals. On the basis of these observ^ations Quick postulated the existence 
of two components of prothrombin: A, the labile factor that disappears from 
stored plasma, and B, which is readily adsorbed by Al(OH )3 and is diminished 
in all the known conditions of hypoprothrornbinemia. Since Lavergne and 
Lavergne-Poindessault (2) claimed that alteration in the fibrinogen of stored 
plasma affected the prothrombin time, the action of fresh defibrinated rabbit 
plasma treated with Al(OH )3 was tested on stored plasma. It was found 
that full restoration of prothrombin time occurred, which makes it obvious that 
the fibrinogen of stored plasma is not responsible for the delayed prothrombin 
time (3). In fact Honorato (4) has observed that the fibrinogen in stored plas- 
ma is actually easier to clot than that of fresh plasma. 

Relatively little is known concerning the labile factor that is destroyed by 
storiige. Recently Honorato (4) has been able to concentrate the agent in 
fresh dog plasma and has found that it is more stal)le to heat than either fibrino- 
gen or prothrombin (component B). The r61e of the substance under discussion 
is not known. One of us (R. H.) believes it functions as a co-factor of thrombo- 
plastin, but to avoid confusion the agent will be referred to in this paper as the 
“labile factor.” The report of Owren (5) on a hemorrhagic condition in which 
the prothrombin time is prolonged, thus simulating a true hypoprothrornbinemia, 
but which is actually due to a deficiency of a substance in plasma which is similar 
to or identical with the labile factor, makes it imperative to study further the 
influence of the latter on the prothrombin time determination. 

The. effect on the 'prothrombin time obtained by adding human and rabbit fi- 
brinogen to stored human plasma. The fibrinogen obtained from 3 cc. of fresh 
rabbit and human plasma (by adding 1.2 volumes of saturated sodium chloride 
to 1 volume of plasma) was redissolved in 2 cc. of stored human oxalated plasma. 


The following results were obtained: 

E]xperiment 1 

Prothrombin time* of stored plasma 35 sec. 

Prothrombin time* of stored plasma 4- human fibrinogen 31 sec. 

Prothrombin time of stored plasma 75 sec. 

Prothrombin time of stored plasma 4- rabbit fibrinogen 15 sec. 


* By the method of Quick using acetone dehydrated rabbit brain as the source of throm- 
boplastin. 

^ Fellow of the John Simon Guggenheim Memorial Foundation. Permanent address: 
Laboratorio de Quimioa, Escuela Dental, Universidad de Chile, Santiago, Chile 
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It can be clearly seen that rabbit fibrinogen has a striking effect in decreasing 
the prothrombin time of stored plasma whereas human fibrinogen does not. 
In order to determine whether this is due intrinsically to the fibrinogen itself, 
or to an admixture of the labile factor and fibrinogen, the following experiments 
were done: 


Experiment 2 


1 . Stored oxalated human plasma (Prothrombin time 75 sec . ) 0.4 cc . 

2. Stored oxalated human plasma 4- rabbit fibrinogen (Prothrombin time 

15 sec.*) 0.1 cc. 

Prothrombin time of mixture 18 sec. 

* From experiment 1 . 


Experiment 3 

1. Stored oxalated human plasma (Prothrombin time 75 sec.) 0.1 cc. 

2. Same as plasn^a mixture 2 of expt. 2 except de fibrinated * 0.1 cc. 

Prothrombin time of mixture 17 sec. 

* The stored human plasma with the dissolved rabbit fibrinogen was completely defibrin- 
ated with a small amount of thrombin and allowed to stand ur*^l nbin activity 

disappeared (as tested by mixing equal volumes of the defibi .la with fresh 

oxalated plasma and obtaining no coagulation). 

Obviously, the decrease in prothrombin time obtained by adding fibrinogen 

TABLE 1 


Thrombopldstic potency of dehydrated rabbit brain and of lung (Maltine) 
on fresh and stored human plasma 




PSOTHXOICBIN TIME 



Rabbit brain* 

Lung (Maltine) 



sec. 

see. 

Human plasma, fresh 


12 

16 

Hfiman plasma, stored I 


53 

35 

Human plasma, stored 11 


64 

35 

Human plasma, stored 111 


55 

35 

Human plasma, stored IV 


55 

35 

Human plasma, stored V 


61 

40 

Human plasma, stofed VI 

Stored plasma . 

0.3 cc. 

62 

34 

Fresh human alumina plasmaf 

0.1 cc. 

20 

25 

Stored plasma 11 

0.3 cc. 



Fresh human alumina plasmaf 

0.1 cc. 

18 

24 

Stored plasma II 

0.3 cc. 



Fresh human alumina plasms^ff 

0.1 cc. 

14 

21 


* Prepared according to the directions of Quick, 
t Plasma treated with 0.01 M Al(OH)i (4). 
ft Plasma treated with 0.005 M Al(OH)i. 
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to stored oxalated plasma is not due to the fibrinogen itself but to a small 
amount of the ^ ^labile factor” which is carried along as a contaminant. This 
is clearly shown by the fact that the plasma to which the fibrinogen was added 
retained this accelerated prothrombin time even after the fibrinogen had been 
removed. Since rabbit plasma has a much higher concentration of the labile 
fac tor, it is logical to expect that rabbit fibrinogen should carry more of the con- 
taminant than human fibrinogen, which is clearly brought out by experiment 
1. Failure to recognize the possibility that fibrinogen may carry a significant 
quantity of the labile factor has led Loomis and Seegers (6) into the error of 
concluding that this factor (component A) is identical with fibrinogen. 

Ihe (hromboplasiic activity of dehydrated rabbit brain as contracted with dried 
lung (Maltiney when tested on fresh and. stored human plasma. The experimental 
procedure and the results are clearly presented in table 1. It will be noted 
that lung thromboplastin is definitely inferior to rabbit brain when tested on 
fresh, human plasma, but shortens the prothrombin time of stored plasma more 
than rabbit brain throml)oplastin. l^hese divergent results can readily be ex- 
plained. which is difficult to free of blood contains an appreciable amount 

of the labil : >r, 'vhereas brain is practically free and represents the purest 
thromboplA * ar obtainable. The relatively shorter prothrombin time 

of stored plasma zc Inch lung thromboplastin is added results not only from 
the thromboplastin but also from a partial restoi’ation of the labile factor. 
When fresh alumina plasma is added to stored plasma, rabbit brain again shows 
greater thromboplastic potency since the amount of labile factor supplied over- 
shadowed the amount in lung extract. The labile factor is to some extent ad- 
sorbed by Al(t)H)3 and it can be noted that when a smaller amount of the ad- 
sorbent is employed, a greater shortening of the prothrombin time occurs. 

These observations have both theoretical and practical significance. It is 
doubtful whether a mixture of pure prothrombin, pure thromboplastin and cal- 
cium will react to form thrombin in the absence of the labile factor. It should 
again be emphasized that a lung extract can not be considered pure thromboplas- 
tin. Any tissue extract containing traces of blood will contain sufficient amounts 
of the labile factor to render the prothrombin determination inaccurate; and it is 
conceivable that a hemorrhagic diathesis such as reported by Owren might be 
missed should the thromboplastin contain suflftcient quantity of the labile factor 
to cover the deficiency in the pathological blood. 

SUMMARY 

The addition of fibrinogen from fresh plasma added to stored human plasma 
partially restores the delayed prothrombin time due to the fact that fibrinogen 
contains a small amount of the labile factor that disappears on storage. Rabbit 
fibrinogen contains more of the factor than human plasma. 

Thromboplastin prepared from lung is less patent on fresh plasma than that 
obtained from rabbit brain, but yields a shorter prothrombin time when added 

* Kindly supplied by Dr. Ralph S. Overman. 
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to stored plasma — ^a result explainable on the basis that lung thromboplastin 
contains a considerable quantity of the labile factor as a contaminant. 
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(Jiiiek (1-4) has pvil)lisliecl data showing that prothrombin activity, as meas- 
ured l)y the one stage method, is the result of the com})ination of two factors 
whi(!h he designated as prothrombin A and prothromliin B. The data on which 
this hypothesis was based have been confirmed by Oneal and J.am (5), by our- 
selves ((), 7), and partially by Loomis and Seegers (8). The latter authors, 
however, failed to find any alteration in the prothrombin content of plasma as 
the result of storage when determinations were made hy the two stage method. 
They claim that the observation that there is a decrease^ in prothrombin activity 
in stored plasma, as determined by the one stage method, is due to a change in 
the reactivity of the fibrinogen and is not related to the prothrombin content 
of the plasma. They apparently overlooked tlie fact that in both our publica- 
tions we stated that we added fibrinogen as a reagent to all the samples tested. 
They turther state that “no conclusions concerning prothi*orabin concentrations 
may be drawn from work dealing with species heterogeneous mixtures of plasma”, 
and that “in work with homologous sp(‘cies there is no sound evidence for a second 
prothrombin component. ’ ’ 

In this paper we present data showing that even when materials from homol- 
ogous species are used there is still strong evidence for some fatdor which in- 
fluences prothrombin activity and which is not fibrinogeir The presence of 
this factor has been demonstrated in defilirinated plasma fractions and in serum. 
We do not consider this factor to be a component of prothrombin, as stated by 
Quick. The data indicate that some factor is essential for the activation of pro- 
thrombin and we are presenting suggestions as to the possible nature of this 
factor. 

Mf/j’Hods ANm MATFiUALs. All plasma fractions used in tins study were pre- 
pared from a pool of fresh rabbit plasma. Since the lack of agreement in the 
experimental data obtained by various workers is at least pai’tially the result of 
failure to duplicate experimental conditions, we feel it advisable to present in 
detail the methods used in preparing these factors. 

Fibrinogen. Fibrinogen was prepared from fresh plasma according to the 
method described by Jaques (9). The purified product contained 250 mgm. of 
fibrinogen per 100 ml. This fibrinogen has been shown by electrophoresis to 
migrate as a single boundary at two separate pH values (10) and has consistently 
had at least 99 per cent clottable protein. 

Plasma containing factor A. Two types of plasma containing factor A were 
used. One of these was obtained from a rabbit which had been given 5 mgm. 
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of dicumarol per kilo, by stomach tube, daily for a period of 7 days. The other 
was prepared by treating fresh plasma with aluminum hydroxide' as descri^ 
by Quick (1). Each of these plasmas were used both before and after defibrina- 
tion by the addition of its volume of thrombin*. ^ 

Plasma containing factor J5. Plasma containing factor B was obtained by ad- 
justing fresh oxalated plasma to pH 10.5 (7) and allowing it to stand at room 
temperature for four hours. After readjusting to pH 7.4, a part of this plasma 
was defibrinated by adding thrombin. A second lot of the same plasma was 
defibrinated before the pH was adjusted to 10.5. 

Prothrombin deUrmmalions. Prothrombin was determined by Quick s method 
(11). This was modified in two respects: 0.1 ml. of fibrinogen prepared as de- 
scribed by Jaques (9) was added to the plasma mixtures, and the thromboplastin 
suspension and calcium chloride solution were mixed in equal proportions; 
0.2 ml. of this mixture then was added to the plasma-fibrinogen mixture and the 

clotting time measured from this point. 

We have shown (7) that there is practically no change in prothrombm tune 
over a fairly wide range of proportions of plasmas containing factor A and factor 
B. In studying the interaction of the various factor A and B preparations we 
have, therefore, used mixtures containing equal amounts of the two preparations. 
Prothrombin determinations were made on each of the A factor preparations, 
the B factor preparations, and on all possible combinations of these preparations. 
In order to determine whether heterogeneity of species was an impo^nt factor, 
all the A factor preparations were tested against a B factor preparation obtained 
from dog plasma, and some of the A and B combinations were tested using 
fibrinogen prepared from human plasma in place of the rabbit plasma fibrinogen. 

Prothrombin times were determined on a series of dilutions of the normal 
rabbit plasma used in the preparation of the various fractions employed in these 
experiments. In order to maintain comparable conditions, 0.1 ml. of fibrinogen 
was also added to the test mixtures in this dilution series. The percentage of 
prothrombin present in the various samples tested was determined from the curve 
obtained for the dilution series. • vi i 

Results. The data obtained in these experiments are given m table 1, 
and the values for the dilution series on the normal plasma are shown graphically 
in figure 1 . The percentage of prothrombin equivalent to the prothrombm times 
was read directly from the dilution curve for the samples containing only factor 
A or factor B. When mixtures of factor A and factor B were used, the B factor 
which we consider to be prothrombin is diluted 1:1. The prothrombin concen- 
trations of these mixtures were, therefore, determined by reading the concentra- 
tion equivalent to the prothrombin time and then multiplying this value by two. 


t Wyeth’s Amphogel, without flavor-This product conforms to U.S.P. sta^ar^ 
for aliminum hydroxide gel. We are indebted to Dr. Alfred Itarol, I^iwtor of the Wyeth 
Institute of Applied Biochemistry, for suppUes of this material, and for information re- 

**i^^te* Da^s and Company Thrombin Topical—! ampoule being made up to a volu^ 
of 200 ml. with 0.16 N sodium chloride. We are indebted to Dr. Eugene C. Loomis for 
generous supplies of this material. 
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It is apparent from the data that there is a marked reduction in the pro- 
thrombin time by the one stage method when plasma containing factor A is 
mixed in equal proportions with plasma containing factor B. That this effect 
is not due to the nature of the fibrinogen present is obvious since the same active 
fibrinogen was present in all tests and since closely similar results were obtained 
with samples which differed only in the fact that one was defibrinated while the 
other was not. 

It is also apparent that mixing plasma preparations from different species 
does not markedly alter the type of results ol)tained. There is actually a some- 


TABLE 1 

The incre ase in prothrombin activity in mixtures of factor A and factor B 



A PREPNS. ALONE 

B-1 

B-ID 

B-2 

B.3 

j sec. 

1 

1 sec. 

1 % 

j sec. 

1 

j sec. 

1 % 

j sec. 

1 

Rabbit fibrinogen 


B prepns. alone 



28 

6 

26 

5 

38 

4 

72 

3 

A-1 

220 

1 

11 

46 

11 

46 

11 

46 

12 

40 

A-ID 

136 

1 

13 

36 

12 

40 

11 

46 

15 

28 

A-2 

300 

1 

17 

22 

16 

26 

15 

28 

19 

18 

A-2D 1 

1 

300 

’ 1 

13 

1 

36 

11 j 

46 

12 

40 

1 

14 

30 

Human fibrinogen 

B prepns. alone 





31 

5 

41 

4 



A-ID 

104 

1 



15 

28 

14 

30 



A-2 

300 

1 



17 

22 

17 

22 




A-1— Plasma from a dicumarol treated rabbit. 

A-ID — A-1 defibrinated. 

A-2 — Normal rabbit plasma treated with aluminum hydroxide. 

A-2D — A-2 defibrinated. 

B-1— Normal rabbit plasma kept at pH 10.5 for 4 hrs. and then neutralized to pH 7.4. 

B-ID — B-1 defibrinated. 

B-2 — Defibrinated rabbit plasma treated as B-1. 

B-3— Dog plasma treated as B-1 but for 24 hrs. 

what better restoration of prothrombin activity when plasma preparations from 
a single species are used. 

In table 2 we present an experiment in which rabbit serum was tested for 
the presence of factor A. Phese tests were made approxunately two hours 
after collecting the blood, and at that time the serum still had traces of prothrom- 
bin present. This observation is similar to that of Warner, Brinkhous and Smith 
(12) that dog serum contained 5 per cent of its original prothrombin three hours 
after the blood was collected. The serum contained no fibrinogen as shown by 
its failure to clot on the addition of thrombin, and no thrombin as shown by its 
failure to clot on addition of fibrinogen. However, when this serum was mixed 
with a B factor preparation, having a prothrombin time of 106 seconds, the pro- 
thrombin time of the mixture was 1 1 seconds. 


5 20 40 60 80 
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Discussion. Xlic dfttE presented here demonstrate that prothrombin Ectivity 
as measured by the one stage technique is the result of the combination of two 
factors. They also demonstrate that fibrinogen is not the factor responsible for 
the reactivation of stored plasma. Finally, they demonstrate that studies made 
on preparations from plasma of a single species give results essentially the same 
as those obtained when preparations from plasma of different species are used. 

PROTHROMBIN TIME - SEC. 


r.t (n A <0 OD 



Fig. 1. Dilution curve of normal rabbit plasma. 


TABLE 2 

The A factor activity of rabbit serum 


PROTH«OMBIN TIME 


sec. 

84 


106 


11 

1 pftrL oCruiH t" X jtilJil V XJ 



While we do not consider that the data regarding the interaction of the B 
factor and the A factor can be explained on the basis of Jin alteration of the 
fibrinogen, we have also been led to the opinion that these data cannot be explained 
on the basis of two separate components of prothrombin. We have shown (13) 
that after treating plasma with aluminum hydroxide to give an A factor plasma, 
it is still possible to elute a complete prothrombin from the aluminum hydroxide. 
Obviously, if the A and B factors were distinct separate components of pro- 
thrombin, the eluate should contain only component B, since component A is 
still demonstrable in the adsorbed plasma. Further, our demonstration that the 
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A factor is present in senim, free of both fibrinogen and thrombin, again indicates 
that the A factor is not a constituent of prothroml)in. 

Since it has been sliown that the observed data cannot be explained on the 
basis of eitlier an altered fibrinogen or two separate components of prothrombin, 
we wish to suggest a third explanation of these data. We suggest that prothrom- 
bin be (ionsidered as a unitary principle as claimed by lioomis and Seegers (8). 
Ihe prothrombin molecule, however, has as part of its structure a labile group 
which is inactivated by various procedures, such as storage both at neutral pH 
and more rapidly at more alkaline pH. l^his inactivated group can be partially 
reactivated by some other protein or proteins present in both plasma and serum. 

I rothrombin should, therefore, be ('onsidered as prothrombin which has 
I)ecome partially inactivated by an alteration of the lal)ile group of the molecule. 

Prothrombin A must, lor the present, remain as an unknown factor of which 
little is known ex(‘ept that it is not fibrinogen, as claimed by Loomis and Seegers 
(8). 1 heir reactivation of inactivated prothrombin by the addition of fibrinogen 

preparations can only be interpreted as the result of the presence of traces of 
the reactiv’ating la(*tor as a (•ontaminant ol their fibrinogen. This interpreta- 
tion is confirmed by the fact that Deutscli and Gerardo (14), using fibrinogen 
prepared by the method described by Seegers et al. (15), fail(‘d to find any effect 
on the prothrombin time of storied plasma. We do not considoj* that it is ad- 
visable to attempt to forinulate a name for this factor at the pi-esent time. 
Studies are in pi-ogress in this laboratory i*egarding the activity of various 
fractions of plasma olitained try electi*ophoretic fraetionation. These indicate 
that the reactiv'ating factor is present in most of the recognized electrophoretic 
fractions ol plasma. The.se data will be [lublished shortly. 

SUMMARY 

1. ihe restoration ol prothi'ombin activity to stored plasma, and similar 
preparations, by aluminum liydroxide plasma or dicumarol plasma cannot be 
explained on the basis of a change in the reactivity of fibrinogen. 

2. It is suggested that this inactivation of prothrombin is the result of inac- 
tivation of a labile group in the prothrombin molecule. This group (‘an be reac- 
tivated by other proteins present in plasma and serum. 

We wish to acknowledge the technical assistance of Miss Annabel Avery. 

ADDENDUM 

Since this paper was sent to press, an extensive study by Paul A. Owren 
(“The Coagulation of Blood. Investigations on a New Clotting Factor”, 
Thesis, J. Chr. Gundersen, Oslo, 1947) has come to our attention. He has con- 
cluded that puie prothrombin cannot be converted to thrombin in the presence 
of thromboplastin and calcium imkvss a further factor, which he has designated 
as factor V, is present in the mixture. The properties of factor V are in many 
ways similar to those of the activator, factor A, discussed in this paper. Studies 
are in progress to determine whether factor V and factor A are identical. 
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Ware, Guest and Seegers (J. Biol. Chem. 169; 231, 1947) have dso reported 
on a factor in plasma which accelerates the activation of prothrombin by throm- 
boplastin and calcium. Further investigation is necessary in order to demon- 
strate the identity or non-identity of these three activators. 
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Uropepsin is a proteolytic enzyme resembling gastric pepsinogen which occurs 
in the urine of normal animals and man. Following complete gastrectomy, 
or removal of the gastric mucosa, in dogs, it has been reported by several in- 
vestigators that uropepsin can no longer be detected in the urine by means of 
the fibrin method (Frouin and Delezenne, 1 ; Matthes, 2; Wolgemuth, 3; Calar, 
4). The fibrin method has long been abandoned as unreliable for uropepsin, 
yet the application of more acceptable methods to the confirmation of these 
observations has not been made. In re-investigating the physiology of uropep- 
sin, the initial problem was to confirm the gastric* source of this enzyme using 
a better substrate. 

In selecting the cat as the best animal on which to stiid}^ the physiology of 
uropepsin, we have been guided by the observations of Peczenik and Kawahara 
(5) who report that of the common laboratory animals the cat eliminates uro- 
pepsin in the highest concentration and has the highest ‘‘anti-pepsin” titer in 
its blood. We have found that gastrectomy in the cat is followed in 2 to 6 
days by a complete disappearance of uropepsin from the urine when assayed 
by a hemoglobin method for pepsin adapted for use on the urine. 

Method. Four cats were prepared for this study by being dewormed (tet- 
rachlorethylene) and then conditioned to a standard diet and routine. Each 
cat was housed in a cage supplied with a wire false-bottom, so that fecal-free 
urine could be collected from the sloping floor into a 250 ml. beaker containing 
5 ml. of 0.5 N hydrochloric acid and some mineral oil. The diet consisted of 
frozen chopped horse meat, one i)ound of which was reground and cooked daily. 
Each cat received 50 grams of the meat stew and 25 ml. of fresh milk three times 
a day. The cages were scrubbed daily. The urine was collected once a day 
and stored in the refrigerator until analyzed, usually the same day. 

The operations were performed under ether anesthesia on animals that had 
been fasted 24 hours and atropinized 30 minutes previously (1 mgm. atropine 
sulfate subcutaneously). The technique of the surgery was the same as used 
for dogs, and described by Ivy, Morgan and Farrell (6). The animals were 
allowed water on the second post-operative day and offered food (fresh boiled 
milk or meat broth) on the third. If food and water were refused, physiological 
saline (50 ml.) was administered subcutaneously. The appetite of all animals 

» Aided by a grant from the Committee on Therapeutic Research, Council on Pharmacy 
and Chemistry, American Medical Association. 

• Now in the Department of Biology at Univ. of 111., Navy Pier, Chicago. 
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was depressed following the operation and a wide variety of food was offered 
to induce them to eat. Most success was achieved with sardines, and hard 
boiled yolk of egg. 

The analysis consisted in volume measurements anduropepsin assays. Uro- 
pepsin was assayed by the hemoglobin method as adapted for urine in a previous 
study (Bucher, 7). All cats micturated as they awakened from the ether. The 
post-operative urines are therefore true post-operative excretions. The pH 
was taken on the urine and on sample digests of the urines to insure that the 

TABLE 1 


Summary of the preoperative and postoperative uropepsin output 


CONTROL STUDIES BEFORE GASTRECTOMY 

CAT 1 

CAT 2 

CAT 3 

CAT 4 

Period of observation (days) 

13 

16 

18 

23 

Mean 24-hr. urine (ml.) 

91.6 

78.8 

98.4 

93 .0 

Mean 24-hr. uropepsin output* 

31 .9 

44.5 

41.8 

38.7 

Body weight (kilh) 

2.85 

3.15 

2.20 

2.10 

OBSERVATIONS FOLLOWING GASTRECTOMY 





Uropepsin in first voiding* 

19.8 

Lost 

11.3 

18.4 

Uropepsin in second voiding* 

3.7 

3.7 

Died 

None 

Uropepsin in third voiding* 

None 

None 


5.6 

Subsequent collections 

None 

None 


Trace t 

Period of observation (days) 

14 

27 

1 1 

117 

Days till zero uropepsin 

2 

3 


7 

Total postoperative uropepsin output. 

23.5 

3.7 

11.3 

42 .6 

Mean 24-hr. urine (ml.) 

37 .0 

48.0 

44 .0 

45 .4 

Body weight at end of record (kilo). . 

2.15 

2.05 

2.10 

2 .09 

Status of animal at end of record 

Dead 

Living 

Dead 

Living 

Survival period 

Lived 14 

I jived 64 

Lived 1 

Lived 144 


days 

days 

day 

days 


* Uropepsin is expressed here as milligrams of tyrosine. 

t On the 6th, 7th, and 14th postoperative collections a trace of uropepsin was present. 
Assays made at the 88th and 117th days, when the animal had regained its preoperative 
weight, and was eating well, showed no uropepsin was present. 

samples had been preserved in the acid state and that the digestions were con- 
ducted within the optimal range of pH 2.0 to 3.3. 

Results and discussion. It may be seen from table 1 that gastrectomy 
in cat 1 resulted in the complete absence of uropepsin from the urine after the 
second voiding on the second post-operative day. In 8 additional specimens 
in the 14-day survival period there was no uropepsin. In cat 2, likewise, uro- 
pepsin disappeared entirely by the second voiding on the third post-operative 
day. In all of the 18 subsequent urine specimens, no uropepsin was ever found. 
The appetite of this animal was extremely poor throughout the survival period 
of 64 days and the weight loss was never arrested. Cat 3 lived but one day. 
The most interesting data were obtained from cat 4. This animal did not mic- 
turate until the 5th post-operative day. The second urine on the 7th day con- 
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tained no uropepsin, yet intermittently a trace of enzyme activity was detected, 
i.e., on the 8th, 11th, 13th, 21st and 88th post-operative days. At two months 
T)ost-operatively, this animal was shipped to Philadelphia. Upon arrival, the 
body weight was 1.50 kilo as compared to the pre-operative weight of 2.10 
kilo, and the hemoglobin of 8.3 grams showed that a definite anemia was present. 
(Normal hemoglobin for (mts is 1 1 to 12 grams per cent a(^cording to data com- 
piled l\y Wintrobe (8) ; the mean value for 3 normal cats in our laboratory was 
1 1 .9 grams.) The appetite was so poor that cream fortified w ith B vitamin com- 
plex was force fed with a medicine dropfxu* and liver (‘xtiact was givun paren- 
terally. During the n(‘xt two rnont.hs th(‘ appetite improved, the body weight 
increased to 1.93 kilos and the animal bec^ame playful. A fn^shly voided urine 
specimen showed no uropepsin. Thus in all thre(^ of the cats which survived, 
iirorH^psin elimination ceas(‘d within 2 to (> days following gastrectomy, and in 
the one animal which attained a satisfactory nutritional status in the 3rd to 5th 
post-operativ(‘ month, thi'ie was no evidence of a return of uro[)epsin elimination. 

These results consistent with the \’iew that uropepsin arises at the stomach, 
is carried in the blood and eliminat(‘d in the* urine. I'he removal of the stomach 
removed th(‘ tissue sourc(‘ and in a few days, when the kidneys had cleared the 
enzyme from the blood, uropepsin elimination fell to zero. 

The obj(‘ction might be made that the failure to ('liminate uropepsin was 
the residt of tlu* pool* nutritional state of the animals. A\dule a reduced food 
intake can signifi(;antly dejin'ss uropepsin output, under the conditions of simple 
starvation, uropepsin elimination is never completely aliolished. In our experi- 
ence, the refusal of food by normal cats is always followed by a marked reduction 
in uropeiisin output, but it nev(‘r falls to zero. In tlie gastrectomized cats, the 
ui'opepsin output f(dl to zero about the time they began again to eat, following 
the operation. Tlu' com{)let(‘ tdisence of uropepsin in tlu' freshly voided urine 
of cat 4 at a tinu‘ wIkmi this animal was eating W(‘ll and gaining weight is further 
e\'iden(a‘ that the absenc(‘ of urop(‘psin was due to the loss of the tissue of origin 
and not to inadequacic's of food intake. The ‘diace” amounts of uropepsin 
assayed in this cat during the first post-operative months may have been due to 
the presence* of gastric tissue at the anastomosis, for upon the death of this ani- 
mal a few patclies of gland r(*sembling that of the cardiac stomach were found 
in histological sections of the (‘sophageal-duodeaial anastomosis. 

As a matter of history, the first r(*ally <*lfective removal of the stomach of an 
animal was achieveul in 1894 by Uarvallo and Parclion (9) on a cat which lived 
6 months. We lieliexe this study to be the second recorded obser\'ation on 
gastrectomized cats. In view of the well known relation between gastrectomy 
and anemia in other animals, and the severely reduced uropepsin elimination 
observed in patients with pernicious anemia (Rothschild (10), Farnsworth, 
Speer and Alt (11)) the firogressive anemia observed in cat 4 is noteworthy. 

The anemia was discovered the 10th week after the gastrectomy. During 
the next 10 wrecks, wdiem the animal w^as gaining weight (1 .50 to 2.09 kilo) the 
hemoglobin fell steadily from 8.3 to 7.5 and finally to 6.2 grams per cent. In 
this period/liver extract had l)een injected twdee (15 units at a time) primarily 
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to stimulate the appetite. In the 19th post-operative week, the blood of this 
cat was studied, along with that of 3 normal cats to determine whether the ane- 
mia was of the secondary type which develops as a consequence of gastrectomy 
in other animals, i.e., the rat (12), the dog (6), the hog (13), the monkey (14) and 
man (15). The erythrocyte counts, hematocrits and the hemoglobin values, 
as well as the derived figures for mean corpuscular hemoglobin (M.C.H.), mean 
corpuscular volume (M.C.V.), mean corpuscular hemoglobin concentration 
(M.C.H.C.) and the common blood indices for color, volume and saturation 
are listed in table 2. In comparison to the normal cats in the same laboratory 
(evaluated with the same instruments) the anemia of the gastrectomized cat 
was of the hyperchromic, macrocytic type; by comparison to the normal values 
recorded in the literature (8), it was of the hyperchromic normocytic type- 

TABLE 2 


Blood datajrom normal and gastrectomized cats 



NORMAL VALtTES 
WINTROBE (8) 
APPENDIX A 

AVERAGES ON 

3 NORMAL CATS 

CAT 4, 19 WEEKS 
WITHOUT 

A STOMACH 

CAT 4 AT 
DEATH 3 DAYS 
AFTER 1 DOSE 
IRON 


7.84 

7.55 

3.68 

4.96 


40 .0 

37.9 

21 .7 

27 .0 


11.6 

11.9 

6.2 

7.4 

TVT TT ranis) 

15.0 

15.7 

17.2 

14 .9 

Q V (cubic microns) 

57.0 

50.2 

59.2 

51.4 

T\/T "FT D cent) 

27 .0 

31 .3 

28.5 

27 .4 

Clrtlrir Tndlex 

1.0 

1.05 

1.13 

1.00 

VnliiTYi#* TnHpv 

1.0 

0.97 

1.15 

1.07 

TnHpv 

1.0 

1.08 

1.00 

0.93 

T> n D HiannptiPr tmicron) 

5.9 


6.2 







* Wintrobe tubes. 

tThe oxyhemoglobin measured with Klett-Summerson photoelectric colorimeter 


There was no poikilocytosis. The anemia customarily observed in gastrec- 
tomized animals is of the hypochromic and either microcytic or normocytic 
type which responds well in some species to parenterally administered iron. 

We had hoped to follow the response to injected iron, but unfortunately the 
cat developed a generalized infection and died 3 days after 0.75 mgm. ferric 
ammonium citrate was administered, ^he findings on the heart blood taken 
at the moment of death are given in table 2, but considering the toxic state of 
the animal, no significance can be attached to them. There can be no doubt 
that, prior to the attempted iron therapy in our gastrectomized cat, a non- 
regenerative anemia (oligocythemia) developed which was neither hypochromic 
nor microcytic. 

CONCLUSIONS 

1. In three cats which survived total gastrectomy 14, 64 and 144 days respec- 
tively, uropepsin disappeared completely from the urine in 2 to 6 days following 
the operation. 
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2. There was no evidence of a return of uropepsin elimination in one cat which 
survived 20 weeks, had regained the pre-operative weight and was eating well. 

3. The cat which survived 20 weeks developed a severe anemia which was 
neither of the hypochromic nor microcytic type. 
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It has been reported by W. F. Koch (1913) that three out of six parathy- 
roidectomized dogs under his observation excreted in their urine a considerable 
amount of a substance which by its melting point , chemical analysis and positive 
diazo reaction was recognized as histamine. He also found that all the operated 
animals excreted a large amount of methyl guanidine. Since the publication 
of Koch^s paper, Bryan, Minot and Chastain (1933) have shown that the ap- 
pearance of guanidine compounds is not a direct result of parathyroidectomy 
but of the acccimpanying dehydration. As regards tlie alleged excretion of 
histamine, no further investigations have bec'u reported. 

The amount of histamine base, excreted in the course of the 5 to 7 days of 
survival of the animals, was in one of Koch’s dogs 0.34 and in another 0.24 
gram. The total amount of urine excreted by one of the animals during the 
period of survival was 2250 cc. which gives an average (‘oncentration of hista- 
mine base of 100 to 150 pg/vo. The maximal concentration of histamine base 
ever observed in dog’s urine on a heavy meat diet was al)out 30 m 12 ^/(‘c. and alter 
administration of conjugated histamine, 50 (Anrep, Ayady, Barsourn, 

Smith and Talaat, 1944); the result of Koch’s observations ob\dously reciuired 
reiiivestigation, especially since the author provides no analysis of normal dog’s 
urine and since, at the time of his experiments, it was not known that normal 
urine contains histamine. 

Our investigation was made on 7 parathyroidectornized lernale dogs weighing 
9 to 14 kilos. As much thyroid tissue as possible was left intact in three dogs; 
in the other four, the thyroid was removed together with the parathyroids. 
On(‘ dog of the first group and one of the second survived thci operation, probably 
on account of some parathyroid tisvsue being overlooked. The other five dogs 
developed the usual symptoms of parathyroid deficiency and died \\'ithin 5 
to 8 days after the operation. The urine was collected l)y (catheter at B to 8 
hour intervals. Long before the observations were begun all the dogs liad a 
longitudinal incision made in the perineum to expose tlie urethra so as to facilitate 
the introduction of the catheter; 24 hour samples of the urine were analysed 
every day, beginning from about 1 0 days before the parathyroidectomy . Chloro- 
form was added to the urine to prevent putrefaction. The urine extracts, for 
the determination of the total and free histamine, were prepared as described 
by Anrep and co-workers (1944) and the assays were made on the guinea- 
pig’s ileum by the method of Barsourn and Gaddum (1935). The dogs were 
kept on a mixed diet consisting of white cheese, boiled rice, milk and one egg 
per day. Some of the animals were given 100 to 250 grams’ meat instead of 
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cheese. After the operation the dogs consumed only a part of the food and later 
refused it altogether. 

Results. The two dogs which survived the operation showed no change in 
their histamine excretion. One of them receiving meat, excreted 28 mgm. 
histamine (calculated as diphosphate) during the 10 days preceding the opera- 
tion and 30.5 mgm. during the same period after the operation. The second 
dog received no meat; it excreted an equivalent of 1.8 and 1.5 mgm. histamine 
diphosphate during the 10 days before and after the operation respectively. 
The results obtained are summarised in the table in which the total amount of 
histamine and of the urine excreted during the survival time and during the same 
number of days immediately before the operation are compared. 

TABLE 1 

H istamine excretion before and after parathyroidectomy 


The total amount of histamine (calculated as diphosphate) in milligrams excreted during 
the period of survival is compared with the excretion which took place during the same 
number of days immediately preceding the operation. 


WEIGHT IN KILOS 

DAYS OE SURVIVAL 

HISTAMINE IN MGM. (AS 

diphosphate) 

URINE IN LITRES 

Before 

operation 

At death 

Before 

After 

Before 

.After 

1 

13.1 

12.9* 

survived 

28.0 

30.5 

4.61 

6.39 

2 

10.6 

11.2* 

survived 

1.8 

1.5 

2.95 

; 2.49 

3 

9.5 

7.2 

8 

7.7 

5.1 

2.70 

1 .83 

4 

12.6 

8.5 

8 

1.9 

1.1 

3.97 

2.17 

6 

12 .7 

9.6 

6 

6.9 

7.4 

2.60 

2.14 

6 

13.2 

10.6 

7 

1.4 

1.7 

3 .03 

1.0-1 

7 

14 .5 

12.5 

5 

14 .5 

10.1 

3.90 

2.60 


* Weight 10 days after the operation. 

Almost all the histamine was excreted in a conjugated form. 


It can be seen from the table that in all the opei’ated dogs the excretion of 
histamine was not greatly changed. It is likely that the very large amount 
of histamine detected by Koch might have been due to accidental causes, 
such as a bacterial formation of histamine after the urine had been collected or 
a contact with the feces during its collection in the metabolic cage. Koch 
collected the entire urine excreted during the survival period and anal^’sed it 
in one lot. In our work the urine was analysed in 24 hour samples. 

The daily excretion of histamine showed in some animals considerable varia- 
tion before and after the operation. It always diminished towards the end 
of the survival period. In four animals the histamine excretion began to dimin- 
ish two to three days after the operation. The diminution continued together 
with the decline of urine formation and with the general deterioration of the 
animal. The concentration of histamine per cubic centimeter of urine showed, 
in these dogs, no significant change until the last few days of survival when it 
gradually declined. In one dog the histamine excretion was maintained at the 
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pre-operative level up to the last day when it suddenly dropped almost to zero. 
Since the diminution of the urine flow in this dog, as in all the others, was pro- 
gressive, the concentration of histamine per cubic centimeter of urine became 
conspicuously increased especially to the end. On the last day of survival the 
concentration of histamine like its total excretion abruptly declined. 

It has been shown by Anrep and co-workers that all animals excrete, in addi- 
tion to conjugated histamine, traces of free histamine. In normal dogs free 
histamine occurs in concentrations of 0.01-*0.3 Mg per cc. of urine. The urine 
of parathyroidectomized animals did not differ in this respect from normal 
urine. 


SUMMARY 

The observations of W. F. Koch that large amounts of histamine can be 
detected in the urine of parathyroidectomized dogs could not be confirmed. 
After the operation, histamine excretion either gradually declines until the 
death of the aniitial or is maintained at the pre-operative level and rapidly drops 
on the last day of the animaPs survival. 
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In these experiments eviscerated rats were given continuous intravenous 
infusions of glucose with and without adrenal cortex extract and insulin for 
periods of 2, 4 and 24 hours. During the first 4 hours there was no effect of 
adrenal cortex extract upon the glucose level of the blood. Within a 24-hour 
period adrenal cortex extract definitely depressed the tolerance for glucose in 
those rats which received insulin. In the absence of insulin the effect of adrenal 
cortex extract upon glucose tolerance was either absent or (|uestionable. 

Methods. Male rats of the Sprague-Dawley strain were used. The diet was 
Purina Dog Chow. When the rats reached a weight of 185 to 205 grams, the 
inferior vena cava was ligated between the liver and kidneys in order to cause 
the development of a collateral circulation. Asepsis was preserved in this 
operation. When the animals reached a weight of 250 (±2) grams they were 
anesthetized (intraperitoneal injection of 18 mgm. of cyclopentenyl-allyl- 
barbituric acid sodium) and eviscerj^ted by the proc*edure described by Ingle and 
Griffith (1 ). All of the intra-abdominal organs were removed except the adrenals 
and the kidneys. 

The adrenal cortex extract was prepared from beef adrenal glands and repre- 
sented 40 grams of whole gland per cubic centimeter. It was free from alcohol. 
Intravenous injections of solutions containing varying concentrations of glucose 
and 0.9 per cent sodium chloride with and without cr^^stalline zinc insulin (Lilly) 
(4 units per 24 hrs. per rat) and adrenal cortex extract (Upjohn) were made by 
two continuous injection machines which dehvered fluid from each s3T’inge at 
the rate of 20 cc. in 24 hours. Syringes of the Luer-Lok type were selected to 
deliver 20 cc. with a stroke of 65 mm. Two syringes were operated by one 
machine and six syringes by the second machine. Each machine was powered 
by a synchronous motor, and the reduction of motion was achieved by a precision- 
built system of gears so that an exact control of the rate of injection was main- 
tained. 

The infusions were made into the saphenous vein of the right hind leg and were 
started within five minutes following the removal of the liver. The animals were 
secured in a supine position on an animal board. In these liverless animals one 
initial dose of the barbiturate was sufficient to maintain effective anesthesia 
throughout the experiment. The temperature of the room was maintained at 
75 to 78 degrees F. and the humidity at 30 to 35 per cent of saturation. The 
glucose load is expressed as milligrams of glucose per 100 grams of rat per hour 
(mgm./lOO/hr.). 
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The analyses of blood glucose were made by the method of Miller and Van 
Slyke (2) and of urine glucose by the method of Benedict (3). This method for 
the determination of blood glucose measures small amounts of non-fernientable 
reducing substances which accumulate in the blood of eviscerated rats, bamples 
of blood (0.1 cc.) were taken from the tail just prior to the beginning of t e 
infusions, after 2 and 4 hours of infusion in experiment 1 and from the jugular 
vein at the end of 24 hours of infusion in experiment 2. The excreted unne was 
coUected and preserved with thymol. The urine remaining in the bladder was 

added at necropsy. . . . , , 

Experiments and results. In experiment 1 (fig. 1) 22 pairs of eviscerate 

rats were infused with glucose (18/100/hr.) without insulin and 21 pairs were 
infused with glucose (72/100/hr.) plus insulin for periods of 2 and 4 hours. One 
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Fig. 1. Tolerance for glucose administered to eviscerated rats with and 
and fdrenal cortex extract. Two and tour hours of continuous intravenous injection. 
Means and individual values. 

,.t of eaoh p«r reeeivrf adron.l cortex extract. There was »» 

of adreoia cortex cxtr»tt upon the level of blood gluccee ™th.n 4 hom of m- 

fusion In each group there was an average rise in blood glucose during the 

second two hou'rs of infusion as compared to the "^;2rh2 

In experiment 2 (fig. 2) the tolerance to glucose was determined over a 24-ho ^ 
period. A series of eviscerated rats without insulin were studied at g ucose 
loads of 4, 6, 8 and 10 mgm./lOO/hr. Twenty to 22 pairs of rats were tested 
at each of the four levels. A series of similar animals were given 
glucose loads of 30, 32, 34, 36, 38 and 40 mgm./ 100/hr. Eleven to 12 pairs ^ 
fats were tested at each of the six levels. One rat of each pair received adrjj 
cortex extract. Among the animals which were not given insulin the effect of 
adrenal cortex extract upon the tolerance of these animals for glucose was e.th r 
absent or questionable (8/100/hr. level, fig. 2). Among the animals 
the administration of adrenal cortex extract caused a significantly g e 
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in blood glucose than was shown by the control animals at each level of glucose 
load. 

At the higher loads of glucose some of the insulin-treated rats showed glyco- 
suria. At a load of 36/ 100/hr. 10 of the 12 rats given adrenal cortex extract 
excreted from 24 to 200 mgm., and one of 12 control animals excreted 34 mgm.of 
glucose. At a load ot 38/100/hr., 2 of the 11 rats given adrenal cortex extract 
excreted 36 and 111 mgm., and none of the 11 coiiti'ol animals had glycosuria. 
At a load of 40/ 100/hr., 9 of 1 1 rats given adrenal cortex extract excreted 26 to 
103 mgm. of glucose, and 4 of 1 1 control rats excreted 26 to 46 mgm. 



NO INSULIN ► -• INSULIN - 


Fig. 2. Toleranco for glucose administered to eviscerated rats with and without insulin 
and adrenal cortex extract. Twenty -four hours of continuous intravenous injection. 
Means and individual values. 

Similarly, some of the animals given glucose without insulin had glycosuria. 
At a load of 8 lOO/'hr., 4 of 22 rats given adrenal cortex extract excreted 32 to 
118 mgm.; and 3 of the 22 control rats excreted 28 to 150 mgm. At a load of 
10/100 hr., 11 of 20 rats given adrenal cortex extract excreted 39 to 109 mgm., 
and 8 of the 20 control rats excreted 26 to 1 10 mgm. 

Discussion . There have been a number of earlier observations which indicate 
that the adrenal cortical hormones affect metabolic processes in the absence of 
the liver. In studies (4) on the eviscerated, nephrectomized, adrenalectornized 
rat given glucose without insulin it was shown that adrenal cortex extract had a 
favorable effect upon survival times and upon ability to work. Russell (5) 
found tliat rats which had been adrenalectornized several days prior to “functional 
evisceration” had a higher rate of glucose utilization than non-adrenalectomized, 
eviscerated rats. This change due to adrenalectomy could be prevented by the 
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administration of adrenal cortex extract at the time of ewceraton 
administration of 11-desoxycorticosterone prior to e\TScera1aon. Adrenal cortex 
extract, but not ll-desoxycorticosterone acetate, prevent^ the nse in gluc^ 
utilization in the hypophysectomized, eviscerated rat. U v/aa suggest^ ^ 
Russell that the apparent effect of adrenal cortical insufficiency upon ^uc^ 
utiUzation in the eviscerated rat may have been due to the development of sh^ 
in these animals and that the effect of the cortical hormones was to P^jent shwk. 
Similarly, it was shown by Roberts (6) that adrenalectomy at the time of 
evisceration of the fasted rat produced a 50 per cent reduction m sumval time and 
an increased rate of blood sugar disappearance. Treatment wth m oil con- 
centrate of hog adrenal gland had a small moderating effect in the adrenalecto- 
mized. eviscerated rat. Roberts has suggested that the f ° 

adrenalectomy in the eviscerated rat may be hemodyn^c rather than one of 
increased glucose utiUzation. Selye and Dosne (7) and Reinecke (8) 
ported that adrenal cortex extract was without effect upon 
level of the Uverless rat. The amounts tested were small, and it was not used 

in the insulin-treated animal. „o,i;or 

The data of the present study confirm the tentative conclusions of an earlier 

report (9) from this laboratory. Does the effect of adrenal extract in 

the utiUzation of glucose by the eviscerated rat represent the “eeham^ wffic 

causes adrenal diabetes and insuUn resistance in the intact rat (10)? J * 

of hepatic gluconeogenesis is operative in the intact animal, but it is probab e 

that inhibition of carbohydrate utiUzation (oxidation, storage and 

the major factor. It seems reasonable to postulate ^at the principal tom 

causing adrenal diabetes in the intact rat is extra-hepatic and is identical mth 

the mechanism whereby the utiUzation of glucose “ inWbited in the 

rat Proof for this hypothesis is lacldng. It would abo be possible to explmn 

the data of the present report by assuming that the cortical hormones stimulated 

gluconeogenesis in the kidney. These studies should be repeated in the evisce - 

for oarbohydrato in 

in comparison with the changes in tolerance for carbohydrate wffich ^eprese 
toal diabetes in the intact rat. As a possible explanation, the dmaU^^ 
the present studies was 24 hours, whereas several <^3^ 

development of adrenal diabetes (10). Moreover the intact rat (11) can 

utUize much greater amounts of carbohydrate than the eviscerated rat. 

These results may relate to the findings of Pnee et <d. (12) that ^tmn^e 
principles modify the hexokinase reaction by intensifymg 
of anterior pituitary extract upon the action of insulin. I® r»n<lpnt 

cortical hormones upon the peripheral utiUzation of nW ^ntort 

upon the presence of insuUn? Our results up to the present time would support 

thk conclusion. However, we have not studied ^ 

insufficiency upon glucose utiUzation in the eviscerated rat in ^ , , 

SSn Both Rurf (« »<l Robert. (6) have reports! that 

eototoy accelerated the fall of blood glucoee lit etracetated rate which received 
no insulin. 
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The favorable effect of adrenal cortex extract upon the survival time and 
work performance of adrenalectomized, nephrectomized, eviscerated rats has 
been noted (4). How does this effect of the cortical hormone relate to its 
inhibitory effect upon carbohydrate utilization as observed in the present study? 
Further investigation of the effect of the cortical hormones upon work per- 
formance and collateral changes in glucose utilization in the adrenalectomized, 
eviscerated rat should throw light on the r61e of the cortical hormones in body 
economy. 

SUMMARY 

Male rats (185-205 grams) of the Sprague-Dawley strain were caused to 
develop a collateral circulation by ligation of the inferior vena cava. At a weight 
of 250 zb 2 grams the animals were anesthetized (cyclopal), and all of the intra- 
abdominal organs were removed except the kidneys and adrenals. Infusions into 
the saphenous vein were made by continuous injection machines which delivered 
fluid at a rate of 20 cc. in 24 hours per rat. The change in the level of blood 
glucose during the subsequent 24 hours was the index of glucose tolerance. 

In experiment 1, 22 pairs of eviscerated rats were infused with glucose 
(18/100/hr.) without insulin, and 21 pairs were infused with glucose (72/100/hr.) 
plus insulin for periods of 2 and 4 hours. The administration of adrenal cortex 
extract in large amounts to one rat of each pair had no significant effect upon the 
level of blood glucose within 4 hours of infusion. 

In experiment 2 the tolerance to glucose was determined over a 24-hour 
period. Eviscerated rats without insulin were given glucose loads of 4, 6, 8 and 
10/100/hr. Twenty to 22 pairs of rats were tested at each of the four levels. 
Similar animals were given insulin with glucose loads of 30, 32, 34, 38 and 40/100/ 
hr. Eleven to 12 pairs of rats were tested at each of the six levels. The admin- 
istration of adrenal cortex extract to one rat of each pair given insulin caused a 
significant rise in blood glucose above that of the control animals but had only a 
questionable effect in the animals not given insulin, 
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A survey of the literature on the treatment of burn shock discloses disagree- 
ment among the many investigators regarding the tlierapeutic efficacy of the 
various infusion fluids. It appears that, in general, emphasis is slulting from 
the concept of plasma deficiency and replacement to one of total body flui 
distribution as influenced liy deficiencies not only in plasma colloid, but also in 
the extracellular electrolytes, particularly sodium. 

The criteria used by the various investigators for judging the comparative 
efficacy of whole blood, red cell susixmsions, plasma, saline, balanced ion so- 
lutions and plasma substitutes have lieen different. The species of experimental 
ariimaLs, the conditions of the animals and the conditions under which the expen- 
ments have been carried out have differed greatly . Hence, the lack oi agreement 
concerning the comparative efficacy of the infusion fluids tested is not surprising. 

In the experiments to lie discussed lielow, tlie major criterion ot long-term 
survival (ten day period) has lieen used to judge the relative efficacy ol the 
various fluids studied. Hematocrit data have also Inien obtained and have 
demonstrated that although some fluids may adequately control the hemocon- 
centration following thermal injury they do not necessarily favorably affect 

"'"Thelroup of infusion fluids listed in table 1 were tested for their ability to 
promote the survival of rate subjected to a standardized burn of approximately 
50 per cent lethality. A cursory examination of this table suggests that rats 
sustaining this degi ee of thermal injury were not in critical need ot colloid replace- 
ment since the use of a physiological saline solution (2 per cent oi body weight) 
was followed by survival rates not significantly different from those obtained 
with whole blood, plasma, human serum albumin or a gelatin solution in like 


aniouiitjs. Ill • 1 

Modifications in the experimental procedure were made later in order to 

obtain an injury of 100 per cent lethality in untreated animals. When such an 
injury was. obtained, it was found that physiological saline solution did not allow 
the same survival rate as a solution of serum albumin in saline in volumes of 


1 The work described in this report was done under a contract recommended by the 
Committee on Medical Research between the Office of Scientific Research and Development 
and the University of Pennsylvania, 
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4 per cent of body weight. However, when a volume of 10 per cent of the body 
weight of physiological saline solution was infused no difference in survival rate 
was obtained between the albumin solution and physiological saline solution 
(table 3). 

In order to test further the efficacy of sodium chloride a third series of experi- 
ments was performed in which two concentrations of sodium chloride solutions 
were compared with the following: plasma, serum albumin (salt rich and salt 
poor), balanced ion solutions with and without potassium and a Ringer-IiOcke 
solution. 


TABLE 1 

Postburn survival rates of rats receiving 90°C. burn for 15 seconds 


2% body weight infused — 1 infusion 


INFUSION FLUID 

NO. OF 


PEK CENT SURVIVAL POSTINFUSION 


RATS 

12 

hours 

24 

hours 

48 

hours 

72 

hours 

5 days 

10 

days 

Whole blood 

20 

100 

100 

95 

95 

95 

95 

Plasma 

20 

95 

95 

95 

95 

95 

95 

Human serum albumin Cohn— 25 per 
cent 

20 

95 

95 

95 

95 

95 

95 

Saline 0.85 per cent 

20 

100 

96 

90 

1*0 

90 

90 

Albumin 5.0 per cent 

20 

100 

90 

90 

90 

90 

90 

Knox P-20 gelatin 4 per cent solution. . . 

20 

100 

100 

100 

90 

90 

85 

Bed blood cells in 0.85 per cent saline. . 

20 

95 

90 

90 

90 

85 

85 

Oxypolygclatin 37°C. 5 per cent solution 
Pauling and Campbell 

20 1 

90 

80 

75 

75 

i 

75 

75 

Human hemoglobin 7 per cent solution 
Sharpe and Dohme 

20 

85 

75 

75 

75 

75 

75 

Oxypoly gelatin 22°C. 5 per cent solu- 
tion 

20 

SO 

i 

60 

60 

55 

55 

55 

Controls 

56 

89 

59 

65 

47 

47 

47 

Bat globin 1.5 per cent — Strumia 

8 

75 

63 

50 

38 

38 

38 


Results of tlies(‘ (experiments have led us to conclude that under the conditions 
of our exp(‘riments survival rates can be corr(‘lated with the sodium chloride 
concentration and the fluid volume replacement. 

Expehimiontal. In all experiments Wistar stock rats weighing between 
190 and 210 grams were employed. Rats weighing between 150 and 190 grams 
obtained from the Wistar Institute were maintained in our laboratory on a diet 
of Purina Dog Checkers supplemented with whole milk for at least one week 
prior to use. Healthy animals regularly gaining weight were selected from the 
stock room and moved into the experimental room on tlie day preceding an 
experiment. On the morning of the experiment the rats were again carefully 
examined and weighed. Equal numbers of healthy rats weighing between 
190 and 200 grams, and 200 and 210 grams were selected. These by random 
selection were divided into experimental groups each containing equal numbers 
of the two weight ranges. 
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The unshaved rats under ether anesthesia were subjected to a standardized 
back bum (1) involving 32 zfc 2 per cent of the total body surface in water at 
90®C. zfc: 0.25®C. In order to minimize variation all the burning was done by 
the same individual. 

In the first series of experiments (table 1) an approximate 60 per cent lethality 
in the untreated animals was obtained by immersion for fifteen seconds. In 
the other experimental groups all animals were immersed for thirty-five seconds 
which produced a bum that was 100 per cent lethal to the untreated animals. 

Burned areas of the rats were calculated from planimetric measurements of 
the injured areas made at death or sacrifice of the animals (1). 

All infusions were made under aseptic conditions without anesthesia into the 
internal saphenous vein exposed by a small skin incision. Bleeding following 
infusion was controlled by appl3ing pressure at the site of the needle puncture 
with a sterile gauze compress. 

Hematocrit samples were obtained by nicking the lateral tail vein and drawing 
up approximately O'.Ol cc. of blood into uniform bore capillary tubes wet with 
heparin solution. One end of the capillary tube was then sealed in a flame 
from a microburner. All samples w^ere centrifuged at 2,500 r.p.m. for thirty 
minutes (radius 14 cm. to bottom of tube). Equal numbers of hematocrit 
samples were obtained in simultaneous experimental groups, as the handling of 
the animals during this procedure was previously found by one of us (1) to 
influence the survival rate. 

Whole blood for infusion was prepared on the <lay preceding its use approxi- 
mately eighteen hours Ix^forc it was infused. Large rats, 300 to 4(^ grams, 
were fasted for twenty-four hours. They were then lightly anesthetized with 
ether and injected intravenously with 100 Toronto units of Connaught heparin 
solution. The blood was withdrawn from the left ventricle into a sterile syringe 
wet with heparin solution. This blood was stored in sterile tubes at approxi- 
mately 7°C. until just prior to its use. 

The plasma was prepared from whole blood obtained in the manner just 
described. After withdrawal of the whole blood it was centrifuged in sterile 
15 cc. graduated centrifuge tubes packed in cracked ice at 2,500 r.p.m. for thirty 
minutes (radius 20 cm. to bottom of tube). The plasma w^as withdrawn into 
cold sterile 10 cc. syringes fitted with 3 inch 18 gauge hypodermic needles. 
Care was exercised' during the removal of the plasma in order to avoid contami- 
nation by the components making up the buffy coat. Plasma prepared from 
six animals at a time was pooled and stored in sterile containers at 7°C. for 
Approximately eighteen hours prior to infusion. 

Bed blood cells, to be suspended in physiological saline solution for infusion, 
were obtained from whole blood collected in the manner described above the day 
preceding their use. On the day of the experiment the whole blood was centri- 
fuged in tubes packed in cracked ice for thirty minutes at 2,500 r.p.m. (radius 
20 cm. tobottom of tul>e). Following centrifugation, the plasma, the components 
making up the buffy coat, and the top layer of red cells were removed. To the 
remaining volume of red cells was then added an equivalent volume of physio- 
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lo^cal saline solution. This cellular suspension was gently agitated before each 
infusion in order to obtain homogeneity of the mixture. 

Sinceseasonal variations in the animals and external conditions, such as room 
temperature and humidity, affected the survival rates, only those infusion groups 
in experiments which were done at the same season of the year and under com- 
parable environmental conditions have been compared. 

Results. Efficacy of fluid replaceme/nt {2 per cent of the body 'weight) in burns 
of 60 per cent lethality. In the series of experiments listed in table 1 all animals 
received a fifteen second burn as described above. Tavo hours following the burn 
infusions of the various infusion fluids amounting to 2 per cent of the body weight, 
except the 25 per cent albumin solution, were introduced. The concentrated 
albumin solution was given in one fifth of this volume, containing an amount of 
albumin equivalent to 2 per cent of the body weight of the 5 per cent solution. 

In these experiments two infusion fluids were tested simultaneously in equal 
numl)ers of animals. Untreated controls w^ere recorded at various intervals up 
to ten days. 

With respect to the degree of injury studied under the standard conditions 
outlined above no significant difference in efficacy existed Ix'tween the following 
infusion fluids: whole blood, plasma, 0.85 per cent physiological saline solution, 
5 per cent human albumin solution, the same dost' of albumin in 25 per cent 
solution, Knox P-20 gelatin (4 per cent) and erythrocytes in 0.85 pe^ cent saline. 
All of these infusion fluids significantly improved the sur\ival rates of the injured 
animals compared to the untreated control animals as indicak^d by a P value 
of 0.02 or less calculated from the formula of Fisher for fourfold tables (2). 

Oxypolygelatin heated to 37°C. and human hemoglobin significantly increased 
survival. However, these two infusion fluids were less effective than those dis- 
cussed above in increasing survival as indicated by a probability value of 0.05. 

Oxypolygelatin when administered at 22°C. did not significantly raise the sur- 
vival rate as compared to the untreated controls. 

Modified rat globin received through the co-operation of Dr. Max Strumia 
resulted in a slightly lower sur\dval rate than was observed in the controls. This 
material was an experimental batch and was not regarded as an entirely satis- 
factory product on the basis of the chemical criteria set up for controlling the 
production of modified human globin. Modified human globin was not well tol- 
erated by the rat. 

Table 2 gives the average hematocrit values as percentages of the pre-bum 
values. A pre-infusion value taken just prior to infusion or two hours postburn 
and four postinfusion values taken at thirty minutes, two hours, five hourS; and 
ten hours respectively were recorded for all groups. At ten hours postinfusion 
or twelve hours postburn all animals were given water ad lib. Twenty-four houF 
postinfusion hematocrit values were then obtained on the animals that survived. 

A study of the hematocrit data presented in table 2 shows the following: 

1. Among animals receiving the same therapy surviving rats showed a lower 
average hemoconcentration than those tJiat died. 

2. In comparing different therapeutic regimes animals infused with red cells 
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in physiological saline solution, normal whole blood or hemoglobin solutions 
showed a greater average hemoconcentration than the untreated controls or any 
of the other groups. 


TABLE 2 


Average hematocrit values as per cent of preburn hematocrits for various infused groups 
2 per cent body weight infused — 1 infusion 


INFUSION FLUID 

POSTBtntN 

PBK-INFUSION 

POSTINFUSION 

No. of 
rats 

2 

hours 

0.5 

hour 

2 

hours 

5 

hours 

10 

hours 

24 

hours 


Whole blood 

7 

117 

129 

128 

133 

136 

109 

Survived 


1 

126 

147 

139 

156 

134 

144 

Died 

Plasma 

12 

128 

no 

117 

118 

112 

98 

Survived 

Human serum albumi*p Cohn 

9 

125 

102 

112 

121 

124 

103 

Survived 

— 25 per cent 

1 

126 

104 

124 

132 



Died 

Saline 0.85 per cent 

7 

134 

133 

123 

124 

127 

94 

Survived 


1 

142 

109 

134 

124 



Died 

Albumin 5 per cent 

8 

130 

110 

120 

127 

127 

107 

Survived 


1 

119 

98 

122 

134 

130 


Died 

Knox P-20 gelatin 4 per cent 

9 

125 

100 

108 

114 

121 

103 

Survived 

solution 

1 

131 

104 

114 

124 

126 

146 

Died 

Red blood cells in 0.85 per 

8 

126 

144 

143 

141 

149 

121 

Survived 

cent saline 

2 

128 

149 

161 

167 

156 

162 

Died 

Oxypoly gelatin 37 °C. 5 per 

8 

126 

102 

111 

119 

121 

102 

Survived 

cent solution Pauling and 

2 

130 

102 

111 1 

124 

131 


Died 

Campbell 









Human hemoglobin 7 per 

6 

127 

109 

123 

135 

131 

118 

Survived 

cent solution Sharp and 

4 

134 

109 

126 

133 

153 


Died 

Dohme 









Oxypolygelatin 22®C. 6 per 

3 

117 

104 

109 

112 

117 

104 

Survived 

cent solution 

7 

126 

100 

no 

123 

124 

111 

Died 

Controls — ^untreated 

13 

117 

126 

125 

123 

123 

108 

Survived 


16 

124 

124 

130 

136 

134 

138 

Died 

Rat globin 1.5 per cent — 

2 

127 

122 

123 

106 

103 

78 

Survived 

Strumia 

8 

129 

138 

129 

117 

126 

114 

Died 


3. Surviving animals receiving plasma began to reconstitute their normal cell- 
plasma ratio levels between five and ten hours postinfusion. The other groups 
did not begin to reconstitute this normal cell-plasma ratio until after ten hours 
postinfusion, at which time water was given. 
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Comparalive efficacy of 4 per cent and 10 per rent of the body weight replacements 
in 100 per cent lethal burns. The data presented in table 1 suggested that rats 
subjected to scald burns according to the technique outlined above were not in 
critical need of colloid replacement since they were effectively treated by physio- 
logical saline solution. In order to determine whether this form of therapy is 
adequate regardless of the severity of injury or only within limited degrees of 
traiuna, the experimental conditions were altered to produce a 100 per cent mor- 


TABLE 3 

PosOmrn survival rales for various infused groups of rats burned at 90°C . for S5 seconds 


INFUSION FLUID 

NO. OF 
RATS 

PER CENT SURVIVAL POSTINFUSION 

8 HOURS 

12 

hours 

24 

hours 

48 

hours 

72 

hours 

10 

days 

Untreated controls 

50 

60 

10 

0 

0 

0 

0 

4 per cent body weight infused — 2 infusions 

0.85 per cent NaCl 

14 

100 

86 

29 

29 

29 

29 

Human serum albumin 5 per cent solu- 









14 

: 100 

93 

86 

86 

86 

86 

Knox P-20 gelatin 4 per cent solution . 

14 

93 

36 

0 

0 




0.8 per cent body weight infused— 2 infusions 


Human serum albumin 25 per cent solu- i 

i 

i 

1 

1 

! 

1 

. 

4 100 

50 

0 

0 1 


10 per cent body weight infused — 3 infusions 



14 

100 

100 

86 

86 

86 

86 

Human serum albumin 4 per cent solu- 

14 

100 

100 

93 

93 

86 

86 

Knox P-20 gelatin 4 per cent solution. . . 

14 

100 

79 

64 

1 

50 

1 50 


1.6 per cent body weight infused— 3 infusions 


— j 

Human serum albumin 25 per cent solu- 

1 

1 

4 

100 

50 

i 

0 

0 

0 

0 


• Diluted from 25 per cent stock solution containing 0.3 M NaCl with “physiological 
saline”, the precise content of which was not analyzed. Later analysis of samples from 
the same source showed a considerable range of variation. 


tality in the untreated control animals. The expt'rimental conditions were main- 
tained as outlined above with the exception that the length of the immersion time 
was increased from fifteen seconds to thirty-five seconds. A total of twenty-four 
rats were burned for thirty-five seconds and received no treatment. All were 

dead within twenty-four hours (table 3). . . , 

Three groups of fourteen rats each were subjected to the thirty-five .second 
burn and each group was infused postburn with one of the following fluids: 0.9 
per cent physiological saline solution, 4 per cent Knox P-20 gelatin, and 5 per 
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cent human serum albumin solution diluted from the 25 per cent stock solution 
with physiological saline. A fourth group of four rats was burned in a similar 
manner and infused after the burn with one-fifth the volume of a 26 per cent 
albumin solution. 

All rats in each of the first three groups were infused with 2 per cent of their 
body weight at two hours after the burn and 2 per cent of their body weight at five 
hours after the burn, a total of 4 per cent of their body weight. All rats in the 
fourth group, receiving the 25 per cent albumin solution, were infused with 0.4 
per cent of their body weight at the same intervals or a total of 0.8 per cent. 
All animals were given water ad lib at twelve hours postburn. 

Hematocrit samples were usually obtained from half of the rats in each group 
at the following intervals: pre-burn, two hours postburn, pre-infusion and five 
minutes postinfusion; five hours postburn-pre-infusion and five minutes postin- 
fusion and ten hours postburn (table 4). 

Table 3 shows the survival percentages at intervals for a ten day period. These 
survival percentages showed no changes between twenty-four hours and ten days. 
Twenty-nine per cent of the saline-infused rats survived; 86 per cent of the 6 
per cent albumin-infused rats survived ; none of the 25 per cent albumin-infused 
and none of the gelatin-infused animals survived. 

The efficacy of the 5 per cent solution of human serum albumin in these ex- 
periments showed a significant improvement in the survival rate compared to 
the 25 per cent albumin solution, physiological saline solution and Knox P-20 
gelatin. Subsequent experiments indicated that the difference between 5 per 
cent albumin and saline was due to higher sodium chloride concentration in the 
former. 

In view of the results obtained by Tabor and Rosenthal (3, 4) with saline 
therapy in shock, it was decided to repeat the experiments using larger volumes 
of the infusion fluids. 

A second series of experiments w as performed in which three groups of fourteen 
rats each and a fourth group of four rats were subjected to a thirty-five second 
burn under conditions similar to those described above. All the rats in each of 
the first three groups were infused with a total of 10 per cent of their body weight 
as follows: 4 per cent two hours after the burn; 3 per cent five hours after the 
burn and 3 per cent ten hours after the burn. One group received 0.85 per cent 
physiological saliqe solution; a second group received 4 per cent human serum 
albumin, and the third group received 4 per cent Knox P-20 gelatin. The rats 
in the fourth group received a total of 1.6 per cent of their body weight, hence 
the same gram equivalent of 25 per cent albumin as those infused with the 4 per 
cent albumin solution. This infusion was administered in three equal volumes 
at the same time intervals. Hematocrit samples were taken on half of the rats 
in each group at the same time intervals recorded above (table 4). 

Survival percentages are recorded for a ten day period in table 3. With the 
increased volume of the infusion fluid, survival of the gelatin-treated animals 
significantly increased from 0 to 50 per cent; survival of the saline-treated animals 
significantly increased from 29 to 79 per cent. No difference in survival rate 
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was obtained with the 4 per cent albumin solution, and none of the four rats 
which received the 25 per cent albumin solution survived. Hence, in this series 
of experiments no significant difference in survival obtained between the saline 


TABLE 4 


Average hematocrit values as per cent of prehum hematocrits for various infused groups of 
rats burned at 90^C. for S5 seconds 




TIME AFTER BURN 


INFUSION FLUID 

NO. OF 
&ATS 

2 hours 

5 hours 

10 hours 

24 

hours 

END RESULT 


Pre- 

i Post- 

Pre- 

Post- 

Pre- 

Post- 




infu- 

1 infu- 

infu- 

infu- 

infu- 

infu- 





sion 

gion* 

sion 

sion* 

sion 

sion* 



Uninfused controls 

8 

126 


125 





Died 

4 per cent body weight infused — 2 infusions 

0.85 per cent NaCl 

2 

129 

128 

135 

131 

120 


115 

Survived 

5 

125 

119 i 

126 

111 

115 



Died 

Human serum albumin 5 per 

5 

118 

91 i 

116 

81 

111 


102 

Survived 

cent solution 

2 

119 

93 1 

116 

76 

103 



Died 

Knox P-20 gelatin 4 per cent 

7 

116 

87 

108 

77 

105 



Died 

solution 










0.8 per cent body weight infused— 2 infusions 

Human serum albumin 25 

2 

129 

j 117 

133 

119 

116 



Died 

per cent solution 











10 per cent weight infused — 3 infusions 


0.85 per cent NaCl 

8 

123 

3 

117 

Human serum albumin 4 per 

6 

121 

cent solution 

2 

112 

Knox P-20 gelatin 4 per cent 

3 

111 

solution 

4 

119 


95 

122 

81 

112 

84 

91 

Survived 


128 


118 



Died 

91 

114 

67 

104 

65 

94 

Survived 

91 

110 

86 

103 

71 

95 

Died 


107 

97 


76 


Survived 

83 

100 

81 

96 

79 

79 

Died 


1.6 per cent body weight infused — 3 infusions 


Human serum albumin 25 

2 

120 

1 82 

111 

90 

118 

108 


Died 

per cent solution 






1 





♦ 6 minutes postinfusion. 


and the 4 per cent albumin-infused animals, but both of these show a statistically 
significant improved survival rate when compared to gelatin. In this series, as 
in the former, a significant difference in survival was obtained between the diluted 
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d.U recorded i„ ..bl. 4 ,or 4he» ,oo ceHe. 
“d?-«i — freceiving « intaion of 4 per cent of the 

^'r£*MoZ“rir~ 

T»ZSLv..ue.f.now™»b^ 

p,„’'S^Z lble .0 rrrainZ be„odi.n.ion ™l„ee eonfvden. to .h,.e of 

rats infused with diluted albumin solution (4 or 5 pei cent). 

4 The hematocrit data seem to offer no explanation as to the cause o tt 

H=“S“E?Hi;5Ei 

vival rates of the 5 pel cent amm . albumin solution ivas 
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a salt-poor albumin was tested in rats subjected to the 100 per cent lethal burn. 
Four groups of animals were tested in experiments conducted simultaneously 
according to the procedure described above. One group received a 5 per cent 
i solution of albumin which was prepared by diluting one volume of the 25 per 
cent salt-poor stock solution (containing 0.3 gram of sodium ion per 100 cc.) 
^ with four volumes of 0.9 per cent sodium chloride solution. The resulting sodium 
V chloride concentration of the 5 per cent solution was 0.87 per cent. A second 
i group, serving as a sodium chloride control group for the first, received 0.85 per 

f TABLE 5 


Posthum survival rates of various infused groups of rats burned at 90°C. for 36 seconds 
4 per cent bodyweight infused — 2 infusions 





PER CENT SURVIVAL 


INFUSION FLUID 

KATS 

8 

hours 

12 

hours 

24 

hours 

48 

hours 

72 

hours 

10 

days 

5 per cent albumin* in 1.06 per cent 
NaCl solution 

20 

75 

70 

60 

60 

60 

60 

1.06 per cent NaCl solution 

20 

85 

70 

60 

55 I 

55 

55 

5 per cent albumin* in 0.87 per cent 
NaCl solution 

20 

80 

55 

30 

30 

30 

30 

0.85 per cent NaCl solution 

20 

55 

40 

35 

25 

25 

25 

5 per cent albumin* in 6 per cent glucose 
solution 

14 

9 

0 

0 

0 

0 

0 

6 per cent glucose solution 

7 

0 

0 

0 

0 

0 

0 

Citrated rat plasma 

14 

72 

50 

36 

29 

29 

29 

Ringer-Locke K-free NaCl (9.35 gm.) 
CaCl- 2 HsO (0.24 gm.) MgClr 
6 H 2 O (0.005 gra.) dextrose (0.5 gm.) 
NaHCOa (0.5 gm.) H. 2 O (1000 cc.) 

20 

70 

40 

30 

30 

30 

30 

Kreb’s dextrose Ringer NaCl (6.95 gm.), 
KCl (0.35 gm.) CaCl 2 - 2 H 20 (0.37 gm.) 
dextrose (1 gm.) NaHCOa ( 2.1 gm.) 
Sorensen phosphate (0.16 gm.) 
MgS 04 - 7 H ,0 (0.3 gm.) H 2 O added to 
make 1000 cc 

14 

71 

36 

29 

29 

29 

29 

NaCl (8.7 gm.) CaCU (0.37 gm.) 
MgClj-OftO (0.2 gm.) H,0 1000 cc. . . . 

14 

57 

43 

29 

29 

29 

29 

Untreated controls 

48 

59 

11 

0 

0 

0 

0 


* Human serum albumin. 


cent sodium chloride solution. A third group received a 5 per cent albumin solu- 
tion in dextrose. This solution was prepared by diluting one volume of the 25 
per cent salt-poor stock solution with four volumes of a 6 per cent dextrose solu- 
tion. The resulting sodium ion concentration was 0.06 per cent. The fourth 
group, serving as a control for the third, received a 6 per cent dextrose solution. 
The survival percentages of these four groups (table 5) show no significant 
difference in survival: a, between the group of animals which received 5 per cent 
albumin in 0.87 sodium chloride (30 per cent) and their controls which received 
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0.86 sodium chloride (25 per cent), nor 6, between the animals which received 
5 per cent albumin in 6 per cent dextrose and their controls, W’hich received 6 
per cent dextrose solution, both showing a survival percentage of zero. However, 
the rats which received a 5 per cent solution of albumin in 0.87 per cent sodium 
chloride had a significantly higher survival rate (30 per cent) than those which 
received a 5 per cent albumin solution containing 0.06 per cent sodium ion (zero 
survival). 

Since these results clearly indicated that under the conditions of tliese experi- 
ments colloid (albumin) without sodium chloride would not promote survival 
significantly and that colloid added to saline was of no greater benefit than saline 
alone, the question arose concerning the possible enhancement of the value of 
saline when in combination with other ions. 

Using the same procedure employed in the above groups, three solutions of 
various ionic components and concentrations were compared with citratfd rat 
plasma. 

The results of these experiments (table 5) showed no significant difi'erences in 
survival percentages of any of the four solutions compared to those of the rat 
plasma or the physiological saline solution. 

Hematocrit values, as per cent of pre-burn hematocrits, are recorded in table 6 
for those burned rats which received the infusion fluids listed in table 5. In 
most experiments half of the rats in each group were subjected to hematocrit 
sampling. Of these, the average hematocrit values for those that survived and 
those that died have been recorded separately. Only two values for untreated 
controls were obtained because of the early demise of these animals. 

From table 6 the following general trends of the hematocrit following this de- 
gree of injury and subsequent infusion can be noted: 

1 . Postburn, postinfusion values for all surviving rats were lower than the post- 
burn value for the controls. 

2. The difference between the values for survivors and dead animals in most 
groups was negligible. 

3. In both surviving and dead groups albumin-infused animals showed con- 
sistently greater hemodilution than their respective controls. 

4. No consistent correlation between survival and hemoconcentration was 
obtained. 

Discussion.' The Wistar rat is particularly well suited to the study of one 
major criterion, namely “survival’’, under strictly standardized conditions of pro- 
cedure. Numbers sufficient for statistical analysis can readily be obtained. 
However, in the rat studies of blood chemistry are limited by the difficulty of 
obtaining blood samples ; likewise, physiological data are limited by the influence 
of necessary manipulation upon survival time. 

In order to ml§:e full use of the principal advantage of this species, namely 
survival, only one additional criterion was employed in this study— -hemodilution. 
Considered as an approximation of directional changes in plasma volume hema- 
tocrit determinations were made in half of the animals in most groups. The 
survival rates were significantly decreased by the manipulation of the anijhi. ' . 
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and the withdrawal of a total of approximately 0.06 cc. of blood from the tail 
veki. 


TABLE 6 


Average hematocrit values as per cent of prehum hematocrits for various infused groups of 
rats burned at 90^C. for S5 seconds 
4 per cent body weight infused — 2 infusions 


INFUSION FLUID 

NO. OF 
RATS 

TIME AFTER BURN 

ENC RESULT 

2 hours 

5 hours 

1 

10 

hours 

12 

hours 

Pre- 

infusion 

Postin- 

fusion** 

Pre- 

infusion 

Postin- 

fusion** 

Uninfused controls 

8 

126 i 

1 


125 




Died 

6 per cent albumin* in 1.06 

4 

118 i 

83 

107 

78 

99 

97 

Survived 

per cent NaCl solution 

6 

121 

74 

109 

73 

103 


Died 

1.06 per cent NaCl solution 

4 

117 

111 

119 

no 

109 

93 

Survived 


6 

122 

112 

118 

no 

100 


Died 

6 per cent albumin* in 0.87 

2 

121 

91 

113 

85 

105 

108 

Survived 

per cent NaCl solution 

8 

121 

88 

120 

82 

106 

in 

Died 

0.85 per cent NaCl solution 

2 

113 

111 

111 

104 

111 

100 

Survived 


6 

115 

107 

118 

101 

115 

115 

Died 

5 per cent albumin* in 6 per 

7 

122 

90 

124 

74 



Died 

cent dextrose solution con- 









taining 0.06 per cent Na 









ions 




1 





6 per cent dextrose solution 

3 

118 

106 

111 

79 



Died 

Citrated rat plasma 

1 

120 

95 1 

124 

89 

114 

96 

Survived 


5 

116 1 

90 

114 

79 

106 


Died 

Ringer-Locke K-free 

4 

125 

107 

122 

102 

108 

99 

Survived 


3 

120 

111 

116 

105 



Died 

Kreb’s dextrose Ringer 

1 

123 

112 

119 

106 

no 


Survived 


6 

134 

122 

130 

117 

132 


Died 

NaCl (8.7 gm.) CaCl3-2H20 

1 

118 

102 

no 

102 

no 

90 

Survived 

(0.37 gm.) MgClj'OHaO 

4 

113 

104 

120 

100 

106 


Died 

(0.2 gm.) HiO 1000 cc. 










* Human serum albumin. 
** 5 minutes postinfusion. 


^ The injection rate employed in unanesthetized rats is usually greater than that 
^^unonly employed in the dog or clinically in patients. The more rapid rate 
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of injection may detract from the efficacy of certain solutions, such as gelatin 
and 25 per cent albumin or the erythrocyte derivatives, globin and hemoglobin. 
In any case, rapid alterations in fluid distribution, cardiac output, and peripheral 
circulation resulting from rapid injection of osmotically active colloid solutions 
known to be more viscous than plasma or known to produce vasomotor reactions, 
may be less beneficial than the slower compensations following slow rates of 

infusions. i.- + 

In comparing the therapeutic response of rats with that of dogs or patients 
to fluid replacement following thermal injury, one species variation might be con- 
sidered, i.e., changes in body temperature. The rectal temperatures of a few 
rats (not included in the survival data) subjected to the procedure employed in 
this study declined as much as 10° to 12°F. This is in striking contrast to the 
increases in body temperature of dogs and man following thermal injury involving 
such a large percentage of the body surface. Possibly because of the physical 
property of viscosity, gelatin solutions may be less effective where there is a de- 
cline in body temperature. Viscosity of the gelatin solution is markedly increased 
by a drop of 10°F., which would tend to increase resistance to blood flow in small 
caliber vessels, such as the capillaries. 

The above factors are mentioned since they are thought to be pertinent to 
an attempt to correlate results of these studies in the rat with those of other 
published results on mice (4), dogs (5, 6), and patients (7). Our results from 
these rat studies in general are in confirmation of those of a, Rosenthal (4) who 
employed mice with survival rates as the major criterion of comparative effec- 
tiveness of saline, serum, etc.; h, earUer published results (5) using hemodilution, 
blood pressure and survival in dogs rapidly infused at intervals with saline, gel- 
atin (Knox B78-6 per cent) and plasma; c, Ely and Angelo (8) vKo used hemo- 
dilution as the criterion in burned rabbits injected with physiological saline solu- 
tion, gelatin-saline-glucose, and plasma. • ■ i * r t 

The results of the present study are in agreement with the climeal studies ol 
Evans and Rafal (7) in burned patients infused with Knox P-20 gelatin only in 
so far as comparable criteria were employed, namely, measures of increased plasma 
volume or hemodilution. Gelatin (Knox P-20) was reported by Evans to be as 
effective as plasma in burned patients. 

Hemoconcentfation can be correlated with the survival time and survival rates 
of the untreated animafe. However, the degree of hem^ilution following the 
various infusions is not well correlated with the survival time or rates. 1 he col- 
loidal solutions which provide the greatest degree of hemodilution are not neces- 
sarily the most effective in terms of survival of rats subjected to severe bums. 
Although the colloids in saline may compensate osmotically for the loss of circu- 
lating plasma protein, survival rates may be equivalent or superior with sahne 
alone even though the hemodilution and apparent increment in blood volume are 
often temporary or negligible. As in the dog^S) hemodilution is of limited prog- 
nostic value following fluid therapy. Whole blood or erythrocytes in saline in- 
fusions may result in extremely high hematocrit values in animals which survive. 
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In these latter cases, however, it should be pointed out that hemoconcentration 
is associated with a, a compensatory increase in total circulating blood volume, 
the cells of which are not readily lost through the endothelium of the injured 
blood vessels, and b, a corresponding increase in oxygen carrying capacity per 
unit of blood flow through jKuipheral capillaries, the effective resistance of which 
would theoi'etically l)e increased with the increase of viscosity due to hemocon- 
centration. 

In the present study 4 per cent Knox P-20 was less effective in the 100 per 
cent lethal burn tlmn physiological saline' solution or 5 per cent human albumin 
solution iis shown by the survival rates. Dunphy and (li))son (9), using bovine 
albumin solution as a therapeutic agent in the* treatment of burns in dogs, found 
albumin less advantageous than plasma. "Fheir criteria of effectiveness and con- 
clusions were largely laised upon hemodilution, plasma volume, and pathological 
studies. Survival raU's were not employed as the animals were used for tissue 
study at a suitable interval after the burn. 

If we are justified in the assumption tliat the survival of the rat subjected to 
a burn lethal to KM) per cent of untreated controls is the result of the successful 
compensation for induced deficiency factors which otherwise lead to death, tlien 
it may icasonaldy follow (from th('. data on various replacement fluids with and 
without certain ions, colloid oi i>lood cells) that the major limitiiig deficiency 
factors compensated for by th(‘ vaifous fluids including plasma and whole blood 
are sodium chloride and water. 41u‘ survival rates following the larger volumf's 
of saline infused are as favorabk' as with any of the other fluids employed sep- 
arately or in combination with otlier components of whole blood. The inclusion 
of other ions of plasma, as in modified Ringer solutions, did not significantly en- 
hance' the value of physiological saline solutions. The increase in survival with 
1.06 per cent saline, as comparc'd with 0.85 per cent, is on the l)orderline of sta- 
tistical significance (P = 0.05). 44ie deficiencies of plasma colloids, due to h'ak- 
age into tlie injured area, and of erythrocytes lusulting from thermal hemolysis 
are apparently not of a critical order of magnitude providing the deficiency in 
extracellular fluid is corrected by adequate sodium chloiide and water. Plasma 
or colloidal plasma substitutes in saline or glucose resulted in survival rates sta- 
tistically similar or directionally inferior to physiological saline solution. 

The sodium ion is well known to be the chief extracellular cation responsible 
for the osmotic equilibrium of fluid In'tween cells and the extracellular compart- 
ment including the blood stream, whereas potassium holds a similar key position 
within cells (10). When sodium diffuses into tissue cells of the injured area, as 
has been reported (11, 3, 12), a deficit in extracellular sodium ions is believed 
to occur. Our experiments indicate that this deficit is critical and requires the 
replacement of displaced sodium and water with large volumes. Fluid, as dex- 
trose solution by vein, was of little value without the sodium ion for its proper 
distribution in the body fluid compartments. Intravascular injection of colloid 
without sodium, i.e., salt-poor albumin diluted with dextrose solution, was like- 
wise of limited or no value. 
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SUMMARY 

1 Homologous plasma, whole blood, erythrocytes (suspended in physiological 
saUne solution), and globin (modified) ; human serum albumin and hum^ hemo- 
globin solution; sodium chloride solution, 0.85 per cent; gelatin, oxypolygelatm, 
sodium chloride, 1.06 per cent; 6 per cent dextrose; and three modifications of 
Ringer’s solution were compared for their effect on the survival of rats subjected 
to carefully standardized scald burns. The albumin was infused in 4 per cent. 
5 per cent and 25 per cent concentration, and the 5 per cent concentration wm 
prepared with three concentrations of sodium chloride in order to evaluate the 
relative importance of salt and water in albumin solutions. The comparative 
effectiveness of these agents is shown in the tables. 

2. The results indicate that the effectiveness of albumin solution and the other 
infusion fluids which afforded the highest survival rates could be attributed to 

the sodium salts and water content. . «• x- • * 

3 Physiological saline solution, although comparatively ineffective in correct- 
ing hemoconcentration, was found to be as effective as any of the vanous infusion 
fluids employed in promoting the survival of rats subjected to scald burns. 

4. In general hemoconcentration was somewhat greater in animals which sue- 
cumbed than in those which survived. However, the cell : plasma ratio wm not 
of value in the prognosis of individual animals nor in companng infusion fluids. 
The solutions which provided the most hemodilution did not always promote 
higher survival rates, whereas many animals with severe hemoconcentration in 

certain of the infusion groups did survive. -x- i f + 

5. Hemoconcentration and plasma volume do not appear to be cntical factors 
in the survival of the rats after thermal injury of the type produced. 
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In studying the distribution - and fate of the steroid hormones in biologic 
systems, it became necessary to use bioassay ^ 

^wombly and Taylor (1), who studied the inactivatmn of 

and were therefore confronted with a similai problem, use ^ 

Lauson, HeUer, Golden, and Sevringhaus (2), which ,s ^a^ed «n ^ mcre^se m 
weight of the immature rat’s uterus. An examination <.f the data of the fi 
named authors revealed a wide variation in uterine weight increase in di Te ent 
strains of rats; more impressive still was the fact that the maximum uteii e 
weight attained never reached the maximum which we had ® 

bioisay of chorionic gonadotropin (3), and the increase ot uterine weight with 
in do.«e f„ mo,, graduai .* th. ..«*» ^ 

tronin The bioassay of the gonadotropin, using the immature lat uterus as 
the^test object, is an indirect test in which the gonadotropin stimulates the ovary 
Jo moducethe estrogen which in turn develops the uterus. Since the isolation 
of estradiol from the ovary, it is generally assumed that 

hormone par excellence (4). If this assumption is correct, t should be possible 
to produce the same effects by dosage of estradiol as are produced by the gonado- 
troS Either the assumption is ima.rrect or some other hormone enters the 
picture. In this laboratory (5) we have repeatedly demonstoted the J^P^rtance 
of delayed resorption- or divided dosage in simulating the . 

In this paper we report on the marked effect which divided dosage oi d( aye. 
resorption has upon the physiologic response to e^timliol. ^ 

resorption, sodium lauryl sulfate (S.L.S) (6), which effectively delays the ic^ 
sorption of the gonadotropins, has lieen used. It has the axivantage oi » 

a stable aqueous colloid. It was necessary in assaying steroids present in bi ^ 
logic systems to control the augmentation produced by inert substances of w iic 
the higher fatty acids are knowA to have a marked mfliience 

SinSi the androgens also stimulate uterine hypertrophy T'^vXTthrtJ^^ 
based on seminal vesicle increase have not been very ^ 

drogens, the influence of delayed resorption from aqueous S.L.b. solution ha 

been applied to testosterone. 

« This investigation was aided by a grant from the Donner Foundation Incorporated, 

^“weSToll^SnErwin Schwenk of Schering Cor^ration for ‘hf 

used in these experiments. These hormones were of 2°C *(cor ) . 

melting at 176.8-177.1°C. (cor.) and the testosterone melting at 163.7 164. . ( - d 

444 ■ 


BIOASSAY OF STKROID HORMONES 


445 


Results. Estradiol. In table 1 a comparison of number of doses per day 
(one, two, or three) and vehicle (either isotonic saline or 0.5 per cent kS.L.S. in 
0.9 per cent NaCl solution) is made. Each value is the mean of values for eight 
to ten rats weighing 40 to 55 grams terminally. Dosage was begun the 22nd or 
23rd day of age and continued for thre(‘ (‘onsecutiv(‘ days. The uteri were 
weighed 76 hours after initial dosage. In all cas(‘s the volume of a single in- 
jection was 0.1 cc. When two doses per day were given, the second was eight 
hours after the first. 4'hree doses per day were given at eight-hour intervals. 
At the lowest effective dose (0.03 y total), delayed resorption is without sig- 
nificant influence. At the range of 0.15 y total, divided dosage significantly 
increases the response. At the range of 0.3 y total, delayed resorption, which 
is the equivalent of multiple division of doses, further increases the response. 
Thus one dose per day in saline produc<‘s a ulcriru* weight of 59 z±:1.5,while 

TABLE 1 

Effect of divided dosage upon the uterine response of immature rats to the administration 
subcutaneously of estradiol in aqueous saline or aqueous 0.6 per cent sodium lauryl sulfate 

solution 


MKAN TTTERIKF, WEIGHT IN MGM. PLUS .STANDARD DEVIATION OF MEAN OF GROUPS OF 8 TO 10 RATS 
BEGUN AT 22-23 DAYS OF ACE 


TOTAL DOSE 
IN.GAMMA 

When administered in saline 

When administered in S.L.S. 


once per day twice per day thrice per day 

once per day 

twice per day thrice per day 

0.6 

68 =b 2.4 90 ± 2.7 

83 ± 2.9 

95 ± 2.4 

0.3 

59 ± 1.5 76 ± 2.6 94 ± 2.1 

73 ± 3.5 

89 ± 3.2 102 ± 2.7 

0.15 

47 ± 1.0 63 ± 3.0 68 ±1.9 

59 ± 2.8 

63 ± 2.6 74 ± 3.2 


1 


*60 ± 2.8 

0.06 

28 ± 0.7 

33 ± 1.3 

35 ± 1.7 

0.03 

22 ±0.8 I i 

24 ± 1.1 

23 ± 1.5 

0.0 

18 ± 0.6 i 


i 


* Plus 25 per cent human serum. 


three doses per day in S.L.8. solution produce a uterine w(Mght of 102 d= 2.7 
mgm. For all values the standard deviation of the mean is less than 6 per cent 
of the mean organ weight. Tlu' effective assay dosage is from 0.03 to 0.3 y 
estradiol. With the pure hormone, the assay procedure using one dose per day 
in saline is as accurate as multiple dosage in S.L.S. because of the small variation 
in response, even though the weight increase curve is not as steep. The use of 
two doses per day, with 0.5 per cent S.L.S. as the vehicle, is the procedure 
recommended for practical purposes provided the effective range does not 
exceed 0.15 y estradiol. In this range there is no significant difference between 
one and two doses per day in S.L.S. and two doses per day in saline, so that 
impurities which would delay resorption are controlled. Losing eight to ten 
rats per dosage level, the accuracy of the assay is vdthin 15 per cent 19 of 20 
times. 

In eight trial bioassays between March 16 and May 28, 1947, the standard 
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giv«fli was a total dose of 0.15 y per rat. On the basis of eight to ten rats per 
assay per standard the results using the assay curve given m “ 

follows: 0.176 ± 0.008, 0.140 ± 0.010, 0.175 ± 0.020, 0.145 ± 0.010, 0.150 ± 

0 008 0 130 ± 0.006, 0.140 ± 0.008 and 0.150 ± 0.004. In six of these eight 
values the deviation from the amount given approximates onre the standard 
deviation of the mean. In performing a bioassay, a standard is ^ways ^r- 
formed simultaneously with the unknown and the division of rate is by htter 
mates Any deviation of response from the standard curve outside the normal 
variation would thus be detected. The use of litter mates increases the Mcur^y 
of the assay. Correlation coefficients calculated for senes of ten and twelve 
pairs of rate, in which the standard deviation of the mean was high, viz., 5 an 
per cent of the control mean, and in which there was therefore a rather wde 
spread in response, gave values for r* of 0.85 ± 0.09 and 75 ± 0.16. Wit in 
the body weight range used, the correlation between uterine weight response 
and body weight was nil, viz., r = 0.08 ± 0.24 for eighteen rate. 

Testosterone,. Hdys and Mathieson (8) and Greene and Burnll (9) have us^ 
the immature male rat as the test object for the assay of testosterone propionate 
in oil In experiment 1, the procedure of Hays and Mathieson shows no sig- 
niHcant weight increase of seminal vesicles for testosterone. In experiments 
2 3 and 4, the dosage was repeated three times and the period of action was 
extended. Again the results were highly unsatisfactory. Since Freeman 
and Small (10) had found that the uterus of the immature rat wa,s the organ 
most appropriate for the assay of testosterone propionate in oil, uterine response 
to testosterone was tested in experiment 5. The results were not encouraging. 

Oil as a vehicle was then abandoned and 1 per cent S.L.S. in aqueous sahne 
solution was used according to the schedules given in ^e table for experimente 
6 7 8 and 9. Experiment 6 was designed to establish whether the rats should 
be killed 24 or 48 hours after the last dose. The result showed no sigmfican 
difference. Experiment 7 shows that the weight of the test animal has a pro- 
found influence upon the response. The response in S.L.S. is far greater than 
that from sesame oil. However, the results show that as ^ assay procedure 
the method is unsuitable as the weight increase reaches a plate^u at too low a 

level The same holds for the uterine assay in experiments 8 and 9. 

In the case of qstradiol one dose per day in oil produced the same effect upon 
uterine hypertrophy as two doses per day of an aqueous solution (Lauson et al. 
(2)) This relation is not noted in the assay of testosterone by seminal vesicle 
response, which is negligible in the case of oil and marked on the same total dose 

• Unpublished data from this laboratory indicate that a 1 per cent solution of castile soap 
is approximately as effective as a 0.5 per cent solution of S.L.S. in 

sheep pituitary gonadotropins. The injection areas show evidence of mflammation, edema, 
and necroBis. 


r « 


correlation coefficient 

B(xy) 


Std. error of r 
1 - r* 


\/n — 1 
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in S.L.S. colloidal suspension. The uterine response from oil is much less than 
it is from aqueous solution. 

Discussion. Twombly and Taylor (1) give no measures of variability for 
their assay procedures. The variations observed by Lauson et al. are somewhat 
greater than those observed by us, but of the same order. These authors point 


TABLE 2 

Effect of administration of testosterone in sesame oil or aqueous sodium lauryl sulfate under 
various conditions upon the uterine or seminal vesicle response in immature rats 


EXP. NO. 1 

i 

gs 

BODY WT. 

NO. or TEST EATS 
PE* LEVEL 

NO. OP DOSES 

PE* DAY 

DAYS DOSED 

VOL. OF SINGLE 
DOSE 

H*S. EILLED 
AFTER 1ST DOSE 

TEST ORG-4N 

MEAN WT. OF TEST OKGAN -f STD. DEV. MEAN 

PE* TOTAL DOSE OF 

0 mgm. 

0.3 mgm. 

0.6 mgm. 

0.75 

mgm. 

O' ^ 

d 

1.0 

mgm. 

1.2 

mgm. 

1.5 

mgm. 

1 

Sbsame 

43-64 

3 

1 

1 

0.2 

72 

S.V. 

5.0 

7 








oil 
















2 

Sesame 

43-00 

3 

1 

3 

0.2 

72 

s.v. 

4.6 

7 

7 




8 



oil 
















3 

Sesame 

46-67 

3 

1 

3 

0.2 

144 

S.V. 

4.0 

7 

8 




10 



oil 
















4 

Sesame 

40-50 

8-9 

1 

3 

0.2 

120 

S.v.t 

6.6 

8.0 

8.5 




12.6 



oil 
















5 

Sesame 

42-50 

2-4 

1 

3 

0.2 

144 

Uterus 

15.0 

21 

23 




23 



oil 
















6 

1 Vo 

39-56 

7-8 

1 

3 

0.25 

72 

S.v.t 




13.7 






S.L.S. 











il.7 






1% 

37-49 

7-8 

1 

3 

0.26 

96 

s.v.t 

7.4±0.6 



14.6 






S.L.S. 











il.4 





7 

1% 

46-60 

9-16 

1 

3 

0.6 

96 

s.v.t 

7.1db0.6 

I7.0db0.8 

1 



18.0 


26±1.8 


S.L.S. 













il.6 




1% 

-46 

4-19 

1 

3 

0.5 

96 

s.v.t 

6.7 

12.6±0.9 




15.6 


20±1.0 


S.L.S. 













±0.7 



S 

1% 

40-67 

10 

1 

3 

0.26 

72 

Uterus 

18.0±1.6 

31.0±2.6 

40i4.6 


47 





S.L.S. 












±6 





1% 

40-66 

6-8 

2 

3 

0.15 

72 

Uterus 

18.0dbl.6 

23. Oil. 0 

29±3 


29 





S.L.S. 












±2 




9 

1% 

40-61 

4-6 

1 

3 

0.5 

96 

Uterus 


23 

48 


64 


i 

1 



S.L.S. 














1 



f Seminal vesicles + coagulating gland. 


out that the method of Astwood (11) is less accurate for small numbers of animals 
than their own. Their conclusion that the Astwood method would be more 
accurate than their own for large numbers of animals is hard to reconcile with 
the well known statistical concept that the error is inversely proportional to the 
square root of the number of animals employed. 

Astwood (11) gives the standard deviation of the mean for six values de- 
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termined on 300 rats. Assuming roughly 50 rats per dosage level, his experi- 
mental error in the effective range (calculated for three levels in terms of 
liigher level as 100 per cent) varies from 11 to 22 per cent for twice the standard 
error ( Vd5 -f d!)- Our results for one dose per day in saline and two doses per 
day in S.L.S. based on 8 to 10 rats per dosage level are of the same order, slightly 
less rather than greater. Our method is therefore at least twice as accurate ^ 
the one described by Astwood. In the method of Astwood the effective weight 
increase is only 50 per cent, which is approximately 8 to 9 mgm. m absolute 
weight. It is our experience that the error involved in dissection, blotting, and 
evaporation while weighing, could hardly be considered less than 1 mgm., so 
that the inherent weakness of the method is the error of 12 per cent (minimum, 
larger as the dose decreases) introduced in each single determination. hile 
this error would compensate in a large series of determinations, it is necessary 
to use five times the number of animals that we use. In our method, the error 
of dissection and weighing is only 2 to 3 per cent at the high effective dose. 
Another disadvantage in the method of iVstwood is the difficulty of introducing 
0.1 cc. of oil by injection. In contrast to aqueous solution, oil has a tendency to 
leak at the injection site. Deanesly and Parkes (12) objected to oil as a vehicle 
for bioassay as early as 1933, their main conclusion being that the resorption of 

the hormone from oil was too irregular. , . • * i 

In figure 1 are plotted the values of uterine response to estradiol administered 
in aqueous solution in a single daily dose and in aqueous S.L.S. solution once, 
twice, and thrice daily. The marked effect of delayed resorption and effective- 
ness of the uniform resorption at a low level is strikingly illustrated; the maxi- 
mum difference between slow and rapid resorption is o.’er 400 per cent of the 
minimum amount required. In this graph are superimposed assay data for the 
chorionic gonadotropin, administered in daily doses for 3 days; in this assay, 
uteri arc weighed 72 hours after initial dosage in rats the same age as those used 
for the estradiol assay. The data for chorionic gonadotropin are for a tota 
dosage level of 0.01 , 0.02, and 0.03 mgm. which produced respectively 26, 63, and 
99 mgm. uteri. Superimposing the value of 2(5 mgm. on the assay graph for 
estradiol showing maximum response, the remainder of the chononic gonado- 
tropin curve shows a correspondingly steeper ascent, fflie conditions of assay 
for estradiol, while producing the curve approaching the slope obtained for 
chorionic gonadotropin, • have not produced the maximum response. In the 
case of the sheep gonadotropin, the rapid resorption of hormone from one in- 
jection depot will antagonize the effect of the slow resorption from another depot 
(13). An experiment to ascertain whether an analogous, phenomenon existed 
for estradiol produced negative results. Three-tehths gamma admmstered 
once daily for three days in saline solution failed to antagonize the effect of 0.3 
gamma administered twice daily in S.L.S. The results of the two senes were 
uterine weights of 92 ± 2.4 versus 89 ± 3.2, in which the latter value is for 0.3 
gamma estradiol administered in S.L.S. The experiment was so designed that 
any faU in uterine weight response, if it occurred, would be in the most sensitive 
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range of the assay curve. It would therefore appear that the maximum effective 
response to estradiol is produced solely by a uniform liberation of the hormone. 

Since the marked effect of divided dosage or its equivalent delayed resorption, 
manifested in the dosage range 0.15 to 0.0 y, is not shown in the range of low 
dosage (at 0.03 y it is nil, at 0.00 y slight) and since there is no evidence for an 
antagonism phenomenon, one might theorize that estradiol is not rapidly 
destroyed at the dosage level of 0.03 y, but is rapidly destroyed or removed from 
action at a higher level. 



y ESTRADIOL 


Fig. 1 . r Solid line. AdniiniHt<*rod once daily in saline. 

II Solid line. Administered onee daily in S.L.S. 

III Solid line. Administered twice daily in S.L.S. 

IV Solid line, .\dministered thrice daily in S.J^.S. 

Broken line illustrates t he action of chorionic gonHdotn>pin. 

Solid line illustrates the action of estradiol. 

Sl’MMAHY 

Sodium lauryl sulfatt* with (‘stradiol or testost.iTom‘ forms an aqueous colloidal 
solution which is used on [)arenteral administration to delay resorption effectively. 
An assay pro(;(*dure for (*stradiol in bi(4ogic systems, using sodium lauryl sulfate 
in aqueous solution as the dispersing agent, is described. With eight to ten rats 
per dosage level, the actairacy of the assay is within 15 per cent 19 of 20 times. 
The method controls th(» infiuenc(‘ of (certain inert substances which if present 
might produce augmentation by delaying resorption. 

The sensitivity (increase* in weight per ganuna) and maximum degree of 
uterine W(*ight stimulation produced by estradiol in the immature rat are mark- 
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edly affected by delayed resarption. In the experiments recorded a difference 
of 400 per cent was observed. 

The maximum effective response to estradiol is produced solely by a uniform 
liberation of the hormone. An excess of hormcme does not produce antagonism. 

The dosage level response curve for estradiol, while approaching that pro- 
duced by chorionic gonadotropin as the uniform hberation of steroid hormone 
was more perfectly attained, never reached the efi&ciency of the response to 
gonadotropin. 

The response to testosterone both for seminal vesicles and uterus is more 
effective when the vehicle is aqueous sodium lauryl sulfate solution than when 
the hormone is dissolved in sesame oil. The difference in response is striking. 
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In a recent study (Walker, 1947b) it was shown that desoxycorticosterone 
acetate (DCA) treatment of rats alters the time course of the tension curve and 
the peak tension of skeletal muscle stimulated with single indirect shocks. It 
was found that rested muscle of rats treated with DCA shows a marked increase 
of peak tension, rising time and half falling time over that of normal muscle. 
This type of response disappears promptly during exercise and reappears when 
the muscle is allowed to rest. 

The purpose of the present study was to investigate the muscle action poten- 
tials in DCA4reated rats and to attempt to locate the origin of the repetition 
revealed in the electrical records. A preliminary report on the repetitive action 
potentials induced by DCA treatment has been made (Walker, 1947a). 

Methods. Immature male rats weighing 100 to 160 grams w'ere used. The 
animals were prepared for stimulation through the cut sciatic nerve in the manner 
previously described (Walker, 1947b). Myograms were made either with an 
isometric lever and optical recording, or wdth a spring lever and kymographic 
recording. The nerve was stimulated with brief shocks, 3 to 4 times threshold 
strength. All records of action potentials were made wdth a condenser-coupled 
amplifier and cathode ray oscillograph. Muscle action potentials were recorded 
with leads from 2 steel needles insulated to within 1 mm. of their tips, one being 
placed in the middle of the belly of the gastrocnemius and the other in the lateral 
surface of the belly. Endplate potentials were recorded from the soleus. For 
such recording the insertion of the soleus w^as dissected free and the muscle was 
separated from the gastrocnemius to the point of entrance of the soleus nerve and 
blood vessels. One lead electrode (a pointed capillary tube of glass containing 
0.9 per cent NaCl and a fine platinum wire) w’^as placed at the desired point on 
the belly of the muscle by a micromanipulator. The other lead electrode was 
inserted into the distal tendon. 

To accelerate the rate of diminution of muscle K in the DCA-treated rats 
a modification of a diet low in K (cf. Miller and Darrow% 1940) was 
employed as follows: lactalbumin, 26; dexinh 24; vegetable fat, 22; sucrose, 25; 
yeast powder, 2; cod liver oil, 1; NaCl, 1.2; MgSO4,0.55; Ca (0311503)2 • 5H2O, 
0.6; CaH2pt)4 • H20, 1.75; and FeS04 *71120, 0.1. The animals on a low' K diet 

'Dextrins, 76 per cent; maltose, 24; mineral ash, 0.25; moisture, 0.75. 
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w^re injected intramuscularly with 2 mgm. of DCA^ each day for 3 to 20 days. 
Curarization was obtained either with intravenous or with intraperitoneal injec- 
tion of intocostrinl The KCl, eserine and veratrine injections were always intra- 
peritoneal. Ether anesthesia was used in all experiments. 

Results. Effects of DC A with a low K diet. A single indirect stimulus 3 to 
4 times threshold for the nerve induced an initial large action potential and sev- 
eral subsequent small action potentials in the rested gastrocnemius muscle of 
DCA-treated rats fed a low K diet. A silent period of variable length, but never 
less than 6 msec., alw’ays followed the initial ac^tion potential. The height ol the 
small spikes was about 3 to 5 per cent of that of the initial large spike. Ihe 
duration and frequency of repetition was not the same in different animals given 
similar treatment but prolongation of ti^e^atment tended to increase repetitiveness 
(cf. lA and 2A of fig. 1). The repetition usually persisted over a period qf 50 to 
100 msec. The repetitive muscle spikes were al)olished or reduced in size 
and number by 3 to 0 responses to sho(;ks at the rate of 1 every 2 seconds (cf . 
IB and 2B of fig: 1). Following 5 to 15 minute periods of rest repetition could 
be again induced with single stimuli. Refxditive dischai-ges were also produced 
in an animal fed a normal diet (dog chow) and injected with 2 mgm. of DCA 
dtiily for 30 days (fig. 1, 1C). In this (uise likewise the repetition disappeared 
after a few responses to single stimuli at the rate ol 1 every 2 seconds (fig. I, 2C ). 

Rep(>tition is in(;reased l)y the interposition of a second shock shortly after the 
first. In ID of figure 1, showing the first double volley to a rested muscle of a 
I'at treated for 3 days with DCA and a low K diet, a greater number of repet itive 
muscle spikes is seen after the sectond shock than after the first. Ihe sixth 
double volley to this muscle showed almost (complete disappearance of repetition 
after both shocks (fig. 1, 2D). Further evidence that repetitive discharge is 
increased by repetitive stimulation was obtained in myograms recorded from the 
soleus in an animal given DCA and a low K diet, for 15 days. Ihe prolonged 
falling phase of the tension curve following a single indirect shock in the treated 
rat (triangles in fig. 2, A) is regarded as evi(len(x^ of repetitive discharges. The 
prolongation of the falling phase, particularly in the lower portion ol th(^ curve, 
w'as exaggei'ated w'lien 2 successive sliocks w'ere delivered with a 4 msec, interval 
(cf. triangles in B and A of fig. 2). Fuithermore, during the slow portion ol the 
falling phase, the tension difference Ix^tween normal muscle (circles) and D( A- 
muscle (triangles) is greater following 2 shocks (fig. 2, B) than after a single 
shock (fig. 2,. A). 

The repetitive discharges frequently but not alw^ays recurred in a somewhat 
regular rhythm (fig. 1, 2A). In some animals irregular repetition became more 
regular during the period of discharge (fig. 1, lE). The time intervals Ixdween 
the discharges imueased as the rei)etitive burst progressed. In some experiments 
the spike height diminished abruptly toward the end of the period of repetition 
although tbe progressive increase of time interval bet w^een successive spikes con- 
tinued uninterrupted (fig. 1, 2E). 

* The desoxycorticosterone acetate waa supplied by the Schering Corporation, Bloom - 
held, N. J. 

* The intocostrin was supplied by E. R. Squibb and Sons, New Brunswick, N. J. 
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Fi^;. 1. R(‘c<)r(ls showing tlic (‘tT('cls of I)(\\ treat nioiit (2 daily) and a low K diet 

on action f)ot(*ntials elicited by stimulation of the cut sciatic nerve. lA to 2K: (Jastroc- 
nemius action j)(>tentials with the lead (‘hadrodes i)laced in th(‘ Vxdly of the muscle. The 
height of the repetitive action jxdentials is equal to about 2 to 5 ])er cent of the hei{ 2 ;ht of 
the initial Iar^j;e action j)otentials which exceeded iJu' film width. IF and 2F: Sciatic nerve 
action i)otentials with the lead elect rod(*s placcal on th(‘ nerv'e distal lo tlu' |)oint of stimula- 
tion. 1(1 and 2G; Soleus end})late potentials. Time: 5 nusec. intervals. I. Time for lA 
to 21), If. Time for IF and 2F. TIT. Time for IF and 2F. I\\ Time for 1(1 and 2(1. 

1 A. Response to a single shock in a rat treated for 3 days. IB. First response to a single 
shock in a rat treated for 4 days. 1(\ First response to a single shock in a rat treated for 
30 days with DGA alone. ID. First response to a double volh‘v in a rat treated for 3 days. 
IF. First res})ons(‘ to a singh' shock in a rat treated for 4 days, showing asynchronous 
followed by synchronous repetition. IF. Nerv(‘ action potential in a rat. tr(‘at(‘d for 4 
days. First response to a single shock. 1(1. lOndplate potential of the soleus in a rat 
treated for 0 days. 

2A, Response to a single shock in a rat tnaited for 20 days. 2B. Same animal, fourth 
response. 2C. Same animal, fifth response. 2D. Same animal, sixth response. 2F. Same 
animal, after 10 min. rest. First response to a single shock showing regular rliythm and 
abrupt diminution of repetition. 2F. Same animal, sixth response. 2(1. Fnd})late poten- 
tial of the soleus in a normal animal. 

(The letters of the 1 series (lA to 1(1) of this i)aragraph should be compared with the 
(iorresponding letters of the 2 series (2.\ to 2(1) in the paragraph below.) 
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The nerve showed single action potentials following single shocks and gave 
no evidence of repetitive discharges even at an amplific^ation 5 times greater and 
at a shock strength 4 times greater than those used when records of repetitive 
muscle action spikes were made. The small background oscillations appearing 
when the lead electrodes were placed on the nerve were visible both before and 
after the recording of the action potential (fig. 1, IF) and they were not abolished 
by subsequent stimuli (hg. 1, 21^). 

The endplate potential of the soleus in the rat as observed alter curarization 
is not more than 10 per cent of the height of the muscle action potential obtained 
with the same leads before curare treatment. Endjilate potentials could 
corded all along the muscle to within a few millimeters of either end. This 
finding led to the conclusion that the endplates in the rat soleus are widely dis- 
persed. This conclusion was substantiated liy examinat ion of histological prepa- 



Fig. 2. Reproduction of myograms sliowiiig the effect of DCA treatment and a low K 
diet on the mechanical response of rat muscle. Triangles; treated rats. Circles: control 
rats. A. Responses of the soleus to single indirect shocks 4 times maximal for tfie nerve^ 
}$. Responses to 2 indirect shocks. Interval between shocks: 4 msec, in treated rat; o 
msec, in control rat. The muscles, the shock strength and the calibration of tension are 
the same as for A. C. Responses of the gastrocnemius to single indiri'ct shocks 4 times 
maximal for the nerve. D. Responses of the same muscles plotted in C to single direct, 
shocks 3 times maximal, in the completely curarized muscle. The calibrations of tension 
are the same in C and D. The soleus (A and B) was treated for 14 days and the gastroc- 
nemius (C and D) was treated for 8 days. 

rations in which nerve fiber endings were found throughout the muscle with th(‘ 
exception of the extreme tips. The endplate potentials ol the soleus in treated 
animals (fig. 1, IG) were somewhat more prolonged than those in the nr)rmal 
rats (fig. I, 2G) but tlie “slow waves” typical of an eserinized muscle (l^ccles, 
Katz and Kuffler, 1941) were not seen. 

Effects of curare and K on repei/iliveness induced by DCA treatment and a low K 
diet. Records made at the onset of shallow respiration during the progress of 
curarization in DGA-treated animals usually showed a slight decr-ease both of 
repetition and of mechanical response. The records in IB and 2B of figure 3 
taken 7 minutes after intraperitoneal injection of cAirare, at a time when respira- 
tory paralysis was clearly in evidence, illustrate the presence of repetition ap- 
proximately equal to that seen before curare injection in the same animal (fig. 3, 
lA and 2A). The amount of repetition was greatly reduced as the depth of 
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cTirarizatioii increased (fifi;. 3, K' and 2C’). In 3 other animals cnrarization suf- 
ficient to reduce the mechanical response about 25 per cent caused complete 
disappearance of repetitive action potentials. However, tension records ob- 
taincal from DCA-tieated muscle* with a seri(‘s of single direct shocks after com- 
plete cnrarization uere similar to the* tension records induced by indirect stimula- 
tion in the same muscle b(‘fore cui-are was given. Both types of stimulation 
showed a large initial response followed l)y smaller responses. The initial large 
mecluinical lesponses of indirectly stimulated muscle were accompanied by 
repetitive muscle action spikes. Moreover, the large response's of the direedly 
stimidatc'd muscle (ti’iangles in fig. 2, D) w(*re approximately equal to the large 



:L FfT(‘cls of curaro and K on n'potitivono.s.s indinaal by iiidirpct shocks in 

nius(!l(* of rats trealed witli I)('A and a low K diet. The 1 columns show muscle action 
|)ot(Mitials with tiiiH' marked in 5 msec, intervals. The 2 columns show corresponding 
myograms witli time markeal in 50 ms(*c. intervals. The vertical lin(‘s sut)t(‘nd 500 grams of 
tension p(‘r gram of muscle as measured from zero tension. 

1;\ and 2A, liow K diet and 2 mgm. of daily for 10 days, before curare. IB and 2B. 

Same animal as in l.\ and 2A, 7 minutes after intraj)eritoneal injection of 0.01 cc. of into- 
cost rin jxu- KM) grams of body wiMght . !(’ and 2C. Same animal as in 1 .\ and 2.\, 12 minut es 

after intocostrin injection. 11) and 21). Low K di(‘t and 2 mgm. of i)(b\ daily for 8 days, 
befort' K(d. It] and 2F. Same animal as in ID and 2D, 5 minutes after inlra|)erit-oneal 
injection of SO mgm. of KCl p(’r UK) grams of body widght. IF and 2F. Same animal as in 
ID and 2D, 25 minut(‘s after K(d injection. 

rcspoiLst's of inusck* stiinulatt'd through the nerve Ix'fore cnrarization (triangles 
in fig. 2, ('). Furth(*rrnor(‘, the prolongation of th(' falling phase of the tension 
curve pro(luc(*(l by dirt'ct stiinulation in l)C'A-treat(*d inusch* is about ecpial to 
the prolongation induct'd in tlu* same muscle by indirect, stimulation at a time 
wlien repetition was shown to b(‘ present. 

Records obtained 5 to 10 minutes after intrapt'ritoiK'al injection of KCl showed 
a slight inert'ase of repetition at a time wdit'ii tlie typical potentiating effect of 
K had not >T't appeared (cf. ID and 2T) with IE and 21^] of fig. 2). Fifteen to 
25 minute's after the injection of KCd repetitive after discharge's were lU) longer 
induced b}" single shocks (fig. 2, IF) althemgh the elevadopeel tensie)n of tlie muscle 
was increaseHl as a result of the peffentiating e^ffect of K (fig. 2, 2F). 
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A coni'parison of the effects of DC A, eserine and veralrine treatment. Simultane- 
ous recording of mechanical and electrical responses from D( ' A-treated animals 
fed a low K diet showed that the beginning of repetitive dischargers lell within 
the rising phase of the mechanical response (fig. 4, IB and 2B). The repetition 
freepiently extended well into the slow slope of the decay of tension appearing in 
the low^er portion of the falling phase. The peak tension w'as greater and the 
time course of the tension curve was slow'er in the initial than in the subseciuent 



Fig. 4. A comparison of action potentials and myograms of the gastrocnemius in normal, 
DCA-treated, eserine-treated and veratrine- treated rats. The 1 column shows muscle 
action potentials with time marked in 5 msec, intervals. The 2 column shows corresponding 
myograms with time marked in 50 msec, intervals. The vertical lines are divided as units 
which subtend 500 grams of tension per gram of muscle as measured from zero tension. 

lA and 2A. Normal rat. IB and 2B. Low K diet and 2 mgm. of DCA daily for 15 days. 
1C and 2C. Muscle in a rat 15 minutes after intraperitoneal injection of 0.06 mgm. of eserine 
per 100 grams of body weight. ID and 2D. Muscle in a rat 15 minutes after intraperitoneal 
injection of 0.3 mgm. of veratrine hydrochloride per 100 grams of body weight. 

muscle responses of a series at 1 every 2 seconds. However, these values were 
not exaggerated as markedly as in animals fed a normal diet and treated with 
DCA for 45 to 60 days (Walker, 1947b). 

Records from muscle following intraperitojat/al injection of 0.06 mgm. of eserine 
per 100 grams of body weight showed a greater developed tension following single 
stimuli (fig. 4, 2C) than that induced by similar stimulation in DCA-treated rats 
(fig. 4, 2B) , The action potentials which followed the initial large action potential 
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of eserinized muscle (fig. 4, 1C) were larger than the repetitive after discharges 
of muscle in DCA-treated animals (fig. 4, IB) and the height of these action po- 
tentials indicated that a high percentage of the muscle fibers were firing off simul- 
taneously. The repetition began within 5 to 8 msec, after the start of the initial 
action potential and persisted for only 15 to 25 msec. 

For about 15 minutes after the intraperitoneal injection of 0.3 mgm. of vera- 
trine hydrochloride per 100 grams of body weight repetitiveness and tension de- 
velopment in response to single shocks were gradually enhanced. At the point 
of greatest development of tension (fig. 4, 2D) the appearance of action poten- 
tials persisted for about 100 msec, after the onset of repetition (fig. 4, ID). The 
first action potential shown after the initial large one gave evidence of synchron- 
ous discharge of many motor units. However, as the repetition continued the 
irregularity of the oscillations appearing in the electrical record indicated the 
development of pronounced asynchrony. The muscle relaxed, following the 
cessation of action potentials, about as rapidly as the muscle in a normal animal 
relaxed following repetitive stimulation. After the initial 15 minute period of 
enhancement in veratrinized muscle, myograms recorded at successive 5 minute 
intervals showed a gradual diminution of peak tension and a prolongation of re- 
laxation. The electrical records accompanying these myograms showed a 
marked decrease in size and number of repetitive action potentials. 

Discuss [ON. The results of the experiments with DCA-treated rats raise 
the question of the origin and nature of the repetitive muscle action potentials. 
The failure to obtain repetitive action spikes when the recording electrodes were 
placed on the nerve distal to the stimulating electrodes showed that the repetition 
in the muscle is not induced by impulses arising at the point of stimulation of 
the nerve. Indirect evidence that the repetitive discharges can originate inde- 
pendently of motor nerve influence was obtained by direct stimulation of the 
muscle after complete curarization. The initial large mechanical responses of 
directly stimulated muscle (triangles in fig. 2, D) w^ere similar to those produced 
by indirect stimulation of the same muscle (triangles in fig. 2, C) at a time when 
electrical records showed repetitive muscle spikes. Furthermore, the subsequent 
smaller mechanical responses resulting from direct shocks repeated at the rate 
of 1 every 2 seconds resembled the subsequent responses induced by indirect 
stimulation of the same muscle at a time when no repetitive muscle action poten- 
tials were shown by the electrical records. These observations on mechanical 
responses of DCA-treated muscles to direct stimulation are regarded as evidence 
that repetition may occur after complete neuromuscular block of these muscles. 
If the assumption that repetition occurs in completely curarized muscle is plausi- 
ble, then it may be concluded that treatment with DCA and a low K diet induces 
changes in the responsiveness of the muscle fiber itself. 

To explain the disappearance of repetitive muscle spikes before the disappear- 
ance of the initial large spike in response to single indirect stimuli, during the 
progress of curarization, it is necessary to assume either that curare completely 
blocks all of the muscle fibers involved in the repetition or that it blocks repetition 
before it blooke single muscle responses. There is no experimental evidence for the 
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former assumption but observations on the effect of curare on the endplate potential 
offer support for the latter assumption. It has been shown that curare gradually 
reduces the height of the endplate potential to a level where neuromuscular trans- 
mission ceases (Kuffler, 1942), Eccles, Katz and Kuffier (1941) have shown that 
subparalytic doses of curare increase the initial rate of decay of endplate poten- 
tials in the cat^s soleus. It is possible that curare action may reduce the potential 
change resulting from a single nerve impulse at the endplate region to an amount 
which just allows, at the peak of the potential change, the transmission of a single 
impulse through the muscle fiber. During the i*efractory period induced by the 
single response the potential may return sufficiently toward zero that it is no 
longer able to set up a repetitive impulse in the muscle fiber. 

The repetition resulting from eserine treatment which is known to be abolished 
by curare (Brown, Dale and Feldberg, 1936) was much shorter in duration (fig. 
4, 1C) than that seen in DCA-treated animals. Furthermore, the prolongation 
of repetition produced by single shocks in muscle treated with veratrine resembled 
the duration observed in DCA-treated rats. Bac(i and Brovvm (1937) have shown 
that the effect of veratrine on the mechanical response of muscle to single stimuli 
is unaltered by complete curarization. These experimental facts regarding the 
nature of repetition in eserinized and veratrinized muscle add support to the view 
that DCA treatment induces changes in responsiveness of the muscle fil)er sub- 
stance. 

Granting that repetition may be obtained by direct stimulation and tliat DCA 
treatment alters the response of the whole muscle fiber does not exclude the 
possibility that changes at the endplate region of the muscle fibers occur as a 
result of treatment with DCA and a low K diet. With the thought in mind that 
DCA treatment may produce a prolonged negative potential and a “slow wave’^ 
similar to those observed by Eccles, Katz and Kuffler (1941) in the eserinized 
cat's soleus, endplate potentials of the completely curarized soleus of the rat were 
observed. Only a slight prolongation of the endplate potential and no “slow 
wave" were found in the DCA-treated muscle (fig. 1, IG). However, the failure 
of markedly prolonged negative potentials to appear in curarized muscle does not 
prove that such potentials are absent in the uncurarized muscle for according to 
Eccles, Katz and Kuffier (1942) the prolonged endplate negativity observed in 
the eserinized cat’s soletis is greatly diminished by curare. These investigators 
also reported (1941) tl^t subparalytic doses of (mrarine which had little effect on 
the endplate potential greatly reduced or abolished the “slow wave." 

On the basis of the amount of developed tension and the size of action poten- 
tials of the after discharges it may be concluded that the repetition in DCA- 
treated animals involves a smaller portion of the muscle fibers than the repetition 
induced by eserine or veratrine (fig. 4). The somewhat regular rhythm fre- 
quently seen during repetition (fig. 1, 2 A and 2E) suggests that muscle units are 
repeating several times. However, it should be empliasized that no evidence of 
regular rhythm appeared in many of the repetitive after discharges. The abrupt 
diminution in size of repetitive action potentials without interruption of an es- 
tablished rhythm (fig. 1, 2E) offers good evidence that multiple units were firing 
off synchronously before the diminution occurred. 
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In a study of the rat Darrow.and Miller (1942) found that either DCA treat- 
ment or a low K diet produces a significant reduction of K content in skeletal 
muscle and only slightly lowers the level of K in cardiac muscle. In a more 
recent report Darrow (1944) has shown that 4 days of treatment of the rat with 
a combination of a low K diet and DCA reduces the K content of cardiac muscle 
significantly. Therefore, it seems safe to assume that the simultaneous low K 
diet and DCA treatment employed in the present study brought about a decrease 
of the K content in skeletal muscle. The abolition of repetition by intraperi- 
toneal injection of KCl suggests that the repetition was a result of K imbalance. 
There can be no doubt that K had reached the muscle in sufficient quantity to be 
effective because definite potentiation of muscle tension had occurred at the 
point of abolition of repetitive muscle spikes (fig. 3, IF and 2F). 

The state of muscle in DCA-treated rats is somewhat similar to that exist- 
ing in human myotonia and in a particular strain of goats shoving congenital 
myotonia. As in the myotonic goat (Brown and Haiv'ey, 1939) the repetition 
is abolished by exercise but not by curare. Potassium initiates repetitive dis- 
charges in the myotonic goat (Brown and Harvey, 1939) and it exaggerates the 
myotonic state in myotonia congenita of man (Russell and Stedman, 1936). 
On the basis of the observations in the DCA-treated rat that intraperitoneal 
injection of KCl first increases and then abolishes repetition, it secerns reasonable 
to suggest that K in small quantities either excites or increases the excitability 
of muscle fibers depleted of this ion and that K in larger quantities reduces muscle 
excitability. The finding by Cumings (1939) of a marked reduction in K content 
of muscle in certain cases of human myotonia is consistent with the observed 
similarities of responses in myotonic muscle and DCA-treated muscle. On the 
other hand, it is surprising that administration of DCA abolished repetition in 
the muscle of mj’^otonic goats (Gammon, Harvey and Masland, 1941) in view of 
the finding in our experiments that the amount of repetition is increased in rat 
muscle by prolongation of DCA treatment. 

SUMMARY 

1 . The gastrocnemius muscle of rats injected wdth DCA and fed a low^-K diet 
show'’s repetitive action potentials for initial responses of rested muscle to single 
shocks; the repetitiveness disappears when single shocks are repeated at the 
rate of 1 every 2 seconds. The repetitive discharges do not arise at the point 
of stimulation of the nerve. 

2. During indirect stimulation wdth single shocks repetition is abolished by 
the time curare reduces the peak tension of the mechanical response about 25 
per cent. However, the similarity of mechanical responses elicited by single 
direct shocks in completely curarized muscles (triangles in fig. 2, D) to mechani- 
cal responses showing repetition as a result of single indirect shocks in the same 
muscle before curarization (triangles in fig. 2, C) led to the conclusion that direct 
stimulation induces repetition in DCA-treated muscle after complete curariza- 
tion. 

3. Intraperitoneal injection of KCl in the DCA-treated animals first increases 
the amount of repetition and finally abolishes repetitiveness. The typical po- 
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tentiating effect of K on muscle tension is in evidence at the point when repetitive 
discharges disappear. 

4. The repetition in veratrinized muscle which is not abolished by curare is 
more similar to the repetition in DCA-treated muscle than the repetition in 
eserinized muscle which is abolished by curare. 

5. Although the evidence indicates that responsiveness of the muscle fiber 
substance is modified by DCA treatment the possibility of changes at the end- 
plate region of the muscle fiber, as a result of DCA treatment, is not disproved. 

6. Some similarities of the effects obtained by DCA treatment and of the con- 
ditions existing in myotonia are pointed out. 
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The effect ol fat as it occurs in normally constituted, mixed meals upon gastric 
evacuation has not been studied previously. This is primarily because available 
methods for measuring gastric emptying are poorly adapted to the use of such 
meals. Recently a new method for detecting changes in the volume of the gastric 
contents has been devised and tested (1). The method permits use of meals of 
any desired composition, and does not interfere with normal gastric activity. 
In the present study tlu^ gastric evacuation of mixed meals containing various 
amounts of lard or hydrogtmated vegetable oil ((^risco) luis been deteiTnined in 
normal subjects. 

It has bwm pixn'iously shown that olive oil delays the gastric emptying of an 
Ewald or gruel meal in man (2, 3). It has also been shown that potatoes cooked 
to contain 37.5 per cent fat are more slowly emptied from the stom.ich than boiled 
potatoes (4). Iio\\'e\"er, the level of fat in a mixed meal at which gastric motor 
inliibition app(‘ars, the consistency of such inhibition in given individuals, and 
the proportion of individuals that exhibit gastric inhibition attributable to the 
fat content of a mc^al are not known. It was the purpose of this study to answer 
these questions. 

Methods. Thirty subjects were gi\'en 15()()-calorie meals after fasting for six 
hours. The meals contained 53, 77 and 120 grams total fat, of which 25, 50, and 
80 grams, respectively, were added lard or hydrogenated vegetable oil. The 
m(‘nus and composition of the test meals at the three fat levels are given in table 
1 . All meals were piepared by the same dietitian from food olffained in case 
lots to ensure uniformity of composition. 

Four hours after each test meal, subjects were given 100 cc. of 20 per cent bar- 
ium sulphate suspv^^nsion. An upright, A-P film was immediately made. From 
changes in the area of the projected x-ray shadow of the stomach when the fat 
content of the test meal was varied, changes in the \ olume of the 4-hour gastric 
contents were detected. Each subject served as his own control. This proce- 
dure has been shown to be valid and reliable (1). 

Test meals were given tw ice weekly. Two tests were conducted at each level 
of each type of fat. The order of the various test meals w as rotated among the 
subjects. All data were treated statistically by the method of analysis of vari- 
ance (5). 

Results. The area of the gastric shadow' four hours following 1500-calorie 
meals containing three levels of lard and hydrogenated vegetable oil was mea- 

^ Present address: University of Illinois, Chicago, Illinois. 

* Aided by a grant from the American Meat Institute, Chicago, Illinois. 
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creasing the fat content of the test meal delayed the 4-hour gastric evacuation, 
and (b) lard and hydrogenated vegetable oil did not differ in their effect on gas- 
tric emptying. 

The mean individual gastric shadow areas for repeated tests at each level of 
HVO and lard are given in table 3, together with an analysis of the data. Since 
it has been shown previously that repeated tests with a meal of constant com- 
position do not differ significantly (1), single test results are omitted. 

The analysis shows that significant differences in gastric shadow area occurred 
between subjects. From data in table 2 the intraclass correlation coefficient 
may be calculated as 

2762 _ 

2762 + 406 ■ 

This figure may be used as a measure of reliability for the study. The analysis 
further shows (a) highly significant differences in gastric shadow area between 
levels of fat, and (b) no significant differences between types of fat. 

Discussion. It has been shown that the amount of fat incorporated in a 
mixed meal alters gastric evacuation. The total fat content of the test meals 
used in this study ranges from 6.0 to 14.0 per cent of their wet w^eight, or 22 to 
38 per cent of their dry w'eight (table 1). This fat c^oncentratior includes the 
limits of ordinary dietary fat intake. No disagreeable symptoms followed any 
of the test meals. It is therefore apparent that the amount of fat that may be 
contained in the ordinary diet of man is capable of affecting the emptying of the 
stomach, just as pure fats have been shown to delay gastric evacuation of an 
artificial meal (2, 3). 

The delay in gastric evacuation that occurred when the fat content of a meal 
was increased was a consistent characteristic for given individuals, and w^as not 
dependent upon uncontrolled factors apart from the composition of the test meal. 
This is evident from the following considerations : (a) there are significant differ- 
ences lx^tween individuals in gastric shadow^ area, and (b) these individual differ- 
ences are consistent as measured by the high reliability coefficient of 0.87. 

Inspection of table 3 show's that of the 30 subjects, five show^ed no delay in' 
gastric evacuation between the 53 and 77 gram fat-levels (subjects 5, 6, 14, 20, 
and 29) . Of these five subjects, three showed no delay in 4-hour gastric emptying 
when the dietary fat. w'as increased to 120 grams (subjects 5, 20, and 29). This 
does not necessarily mean that some normal persons lack a gastric inhibitory 
mechanism for fat, but only that error in the technique may have hidden the 
gastric response to fat in three of the subjects. If one assumes that the 30 sub- 
jects in this study are a random sample of the normal population, it may be con- 
cluded with 95 per cent probability that from 70 to 98 per cent of the normal 
population may be expected to show gastric inhibition attributable to the fat 
content of meals within the range and using the method of this study (95 per 
cent confidence limits for a sample size of 30). 

No attempt has been made to measure quantitatively the degree of gastric re- 
tention four hours after a test meal; such is beyond the limitations of the method 
of study. 


TABLE 3 

Effect of fat on gaeiric evacuation 


Means of repeated tests at three levels of HVO and lard. 


TOTAL f AT 

53 GBAMS 

77 OBAHS 

120 GBAMS 

Added fat 

25 grams 

50 grams 

80 grams 

Subject 

HVO 

Lard 

HVO 

Lard 

HVO 

Lard 

1 

209 

222 

225 

215 

251 

249 

2 

167 

134 

177 

177 

175 

177 

3 

166 

177 

183 

186 

216 

240 

4 

213 

167 

219 

217 

223 

239 

5 

188 

189 

178 

182 

189 

199 

6 

202 

202 

196 

192 

216 

221 . 

7 

162 

196 

183 

m 

202 

210 

8 

126 

132 

163 

138 

156 

151 

9 

154 

109 

169 

162 

199 

204 

10 

161 

161 

174 

152 

182 

179 

11 

157 

117 

164 

156 

195 

181 

12 

162 

.131 

168 

164 

180 

193 

13 

, 159 

166 

171 i 

159 

189 

199 

14 

120 

124 

118 

114 

131 

119 

15 

137 

130 

169 

134 

184 

187 

16 

181 

107 

154 

138 

175 

173 

17 

198 

154 

224 

200 

269 

284 

18 

136 

151 

170 

152 

191 

195 

19 

182 

166 

183 

186 

207 

215 

20 

210 

199 

202 

206 

207 

208 

21 

172 

173 

165 

201 

213 

191 

22 

139 

136 

161 

195 

182 

194 

23 

168 

159 

181 

187 

193 

195 

24 

155 

156 

192 

188 

193 

205 

25 

163 

178 

168 

203 

195 

199 

26 

118 

112 

122 

146 

165 

150 

27 

150 

142 

157 

149 

186 

156 

28 

148 

160 

161 

171 

194 

174 

29 

209 

180 

218 

186 

'204 

191 

30 

169 

165 

182 

168 

203 

173 

Average 

166 

156 

177 

174 

196 

195 


Analysis of variance; 0.01 *= S.IS 


SOUBCE OP VABIATIOM 

OEGBKKS 

FBEEDGM 

MEAN SQUABE 

B f BATIO 

SUJNIKCANCE 

Differences between subjects 

29 

2762 

7 

high 

Differences between fat levels 

2 

15166 

37 

high 

Differences between fat types 

1 

836 

2 

none 

Discrepancy (interaction plus error) . . 

147 

, 406 




St. error of differences between means — ViS'X 

. r 

Difference in means necessary for significance *■ 5.20 X 2.76* 
* 0.01 value of t. 


y aS 


- 5.20. 

14.3 sq. cm. 
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SUMMARY AND CONCLUSIONS 

1. Thirty normal subjects were given 1500-calorie test-meals of constant 
weight and volume and containing 53, 77, and 120 grams total fat. Of this, 25, 
50, and 80 grams, respectively, were lard or hydrogenated vegetable oil (Crisco). 
Four hours after the test meal the stomach was outlined with a small amount of 
barium sulphate suspension and an x-ray film was immediately made. Changes 
in the 4-hour volume of the stomach were detected by measuring the area of the 
projected gastric shadow. 

2. Delayed gastric evacuation attributable to the fat content of the test meal 
was statistically significant. Twenty-five subjects showed a delay at four hours 
when the fat content by wet weight was increased from 6 to 8 per cent and 27 
subjects showed delayed gastric evacuation when the fat was increased from 8 
to 14 per cent. 

3. No significant differences were found between lard and hydrogenated vege- 
table oil in their effect on gastric emptying. No gastro-intestinal symptoms fol- 
lowed any test meals unth either lard or hydrogenated vegetable oil. 

4. The gastric inhibition which occurred when the fat content of the meal was 
increased was a consistent characteristic for given individuals. 
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Gellhom and Northup (1) found that the rate of absorption of glucose from 
isotonic solutions in the gut of the frog may or may not be increased by an 
elevation in the perfusion pressure of Ringer’s solution entering the mesenteric 
artery. They suggested that the instances in which increased rate of absorption 
was found were due to enlargements of the area through which diffusion might 
take place, by increases in the extent of the active capillary bed. 

Wells (6) found that the rate of absorption of isotonic saline from isolated 
loops of the small intestine of the dog could be decreased by producing con- 
gestion of the myenteric veins. He explained his results on the basis that the 
force of absorption in the case of isotonic solutions is the colloid osmotic pressure 
of the blood plasma, and that any factor which decreases or counteracts this, 
such as increased filtration pressure, reduces the rate of absorption. 

Diffusion and osmosis, however, are not the only forces active in absorption. 
This has been most clearly demonstrated by Visscher et al, (5) in experiments 
on the movements of water and ions, revealed by the presence of isotopic tracers, 
between intestinal loops and blood in dogs. Some other force is apparently 
present w’’hich causes a functional circuit of fluid between intestinal lumen and 
blood which brings about a net movement ol ions and water into the blood when 
absorption is occurring. 

The determination of the rdle played by blood pressure upon the rate of 
absorption can furnish evidence, indirect though it may be, which may have 
some bearing on the current hypotheses of the forces of absorption. In ad- 
dition it will show how important a variable the level of blood pressure is when 
the influence of other factors upon al)sorption rate is being assessed. The 
presence in the population of a considerable number of individuals with elevated 
blood pressure makes the determination of some practical importance as w'ell. 

Methods. Dogs, weighing between 4.6 and 27.2 kgm., were anesthetized 
with 300 mgm./kgm. of sodium barbital intravenously after preliminary in- 
duction with ether. Tlie left common carotid artery was ligated and a lucite- 
covered electrode inserted into the artery distal to the ligature so that the 
exposed tip lay in the carotid sinus region. The other electrode was wrapped 
around the artery, and both were connected to the secondary of a Harvaid 
inductorium supplied with a 7 volt current and arranged to produce tetanic 
stimuli. Blood pressure w'as recorded from the femoral artery with a mercury 

manometer. ~ _ 

The abdominal cavity was opened by a midline incision, and a Moreau loop, 
1 m. in length* made of the terminal end of the small intestine. The loop was 
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washed with warm isotonic glucose and the wash fluid forced out by gently 
stripping. The loop was returned to the abdominal cavity, and the incision 
closed with clamps. After blood pressure equilibrium was attained, the carotid 
sinus region was stimulated (with the secondary coil set between 3 and 6 cm. 
from the primary) in order to produce a fall in blood pressure. If the fall was 
well marked and sustained, 100 cc. of isotonic saline was introduced into the 
Moreau loop. If otherwise, stimulation was stopped, and upon attainment of 
blood pressure equilibrium again, saline was introduced. 

At the end of 30 minutes in both types of experiment, the amount of fluid left 
in the gut was measured in a graduate and chloride determined by the Van Slyke 
modification of the Volhard method. The average blood pressure during the 
absorption period was determined Avith a planimeter. 

The above routine was altered in some cases. In 4 experiments the carotid- 
sinus region was denervated in an attempt to elevate the blood pressure and in 
one of these the vagi were sectioned in addition. In 2 experiments the carotid 
artery was not ligated, nor were the electrodes put in place. In a few additional 
cases the saline was placed into the intestine without any stimuli being applied 
to the sinus region either before or during the absorption period. 

Results. The absorption of fluid and of chloride was determined in 47 dogs 
in which the carotid sinus region was stimulated and in 38 in which it was not. 
The results are sho^vn in table 1. A comparison of the absorption rate in 
stimulated with that in non-stimulated dogs where the ranges of blood pressure 
overlapped and where, consequently, the effect of the level of blood pressure was 
controlled, revealed (4) a detrimental effect of the stimulation on absorption. 
This makes it necessary to separate the results into two series: one in which 
stimulation was present, and one in which it was not. 

In the stimulated dogs, blood pressures, with but two exceptions, ranged from 
71 to 137 with a mean of 101 mm. Hg. Of the 100 cc. of 0.9 per cent NaCl 
introduced, an average of 43.4 per cent of the fluid and 51.7 per cent of the 
chloride had been absorbed during 30 minutes. There was no apparent relation 
between blood pressure level and absorption rate within this group, nor was 
there any relation between absorption rate and the amount of blood pressure 
reduction from the control level prior to stimulation. 

In the non-stimulated dogs, blood pressures ranged from 103 to 189 with a 
mean of 144 mm. Hg. The distribution of the percentage absorption of fluid 
among the 36 dogs having blood pressures between 110 and 190 is shown in 
figure 1. Likewise is shown the distribution when the group is subdivided into 
groups having blood pressures between 110 and 150 and between 150 and 190 
mm. Hg. The curve for the 110-190 group showa two peaks suggesting the 
presence of individuals from two differing populations. The removal of the 13 
experiments in the 150-190 range improves the distribution considerably. 

The distributions in respect to chloride absorption for the same groups of 
non-stimulated dogs are shown in figure 2. Since the values are not so widely 
scattered as in the case of fluid absorption, the presence of two differing popu- 
lations is not so obvious on simple inspection. 
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TABLE 1 


Blood pressure and absorption from 100 cc. 0.9 per cent NaCl in the small intestine of the 

dog during SO min. 


NtnCBES OF DOGS 

BLOOD PBESSUBE 
JLANOE 

AVERAGE BLOOD 
PRESSURE 

AVERAGE FLUID 

absorption 

AVERAGE CHLORIDE 
absorption 

Carotid sinus region stimulated 


mm. Eg 

mm. Eg 

% 

% 

16 

50-00 

80 

44.5 

52.7 

16 

00-110 

100 

42.3 

49.8 

15 

110-160 

124 

42.0 

52.7 

47 

50-160 

101 

43.4 

51.7 

Carotid sinus region not stimulated 

10 

100-130 

119 

57.0 

68.7 

23 

110-150 

135 

60.0 

66.0 

13 

160-190 

168 

71.5 

75.9 

38 

100-190 ' j 

' 144 

62.7 

68.9 




% AtSOUrTlOH ^ AWOUFTIOH 

DUTMnnM Of FIBIO ABOOfTION IN DOOI (MMITAUIEO) DISTABIITIOM OF CHIORIOE.AKONFTIOH IN 000$ (lAHIITAlIZEO) 

Fig. 1 ^ 

When the average absorption rates for fluid and for chloride of the non- 
stimulated dogs Oower part of table 1) with blood pressures in the 110-150 
range are compared with those in the 160-100 range it is seen that blood pres- 
sure 63^ a noticeable effect. ’ The average values for fluid absorption m the 
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two ranges were 60.0 and 71.5 per cent; and for chloride, 66.0 and 75.9 per cent 
respectively. The differences are 11.5 for fluid and 9.9 for chloride. These 
are statistically significant at the 0.05 and 0.04 levels of probability respectively. 
The effect is demonstrated more convincingly when a comparison is made of the 
average absorption rates in dogs having blood pressures in the 100-430 range 
with those in the 150-490 range. Here, the differences for fluid and chloride 
with their levels of probability are 14.5 at the 0.04 level and 12.2 at the 0.03 
level respectively. If the 4 experiments in which the carotid sinuses were 
denervated are omitted the differences Ijetween the groups become greater and 
the levels of significance are reduced to 0.02 and below. These results show 
that the absorption rate is greater for isotonic saline at higher than at lower 
blood pressures. 

Discussion. iUthough the saline solutions used in these experiments were 
approximately isotonic with dog plasma, a diffusion gradient favoring the en- 
trance of chloride into the blood must have been present, at least initially, since 
the concentration of chloride as NaCl in dog plasma is only about two-thirds 
that of isotonic saline. It is (jiiestionable whether any (;lose comparison should 
be made between our results and those of Gellhorn and Northup (1) in which 
essentially surviving loops of gut were used, ‘blood pressui'e' was artificially 
produced and an infinitely steep diffusion gradient was maintained with a 
different substance (glucose) in a vastly different species (frog). However, their 
finding that lo(^al circulatory ('hanges can modify the i-esults wlien perfusion 
pressure is raiscxl, should not lie ignored. Although it is freciuently assumed, it 
is not knovii whethf^r there is an acdive adaptation in the lo(*al circulation of the 
gut when absorption is taking place, nor is it knowm how that lo(^al circulation 
is affected when systemic blood pressure is high as it was in the 150-190 mm. 
Hg group of dogs reported here. It is possible that the beneficial effect of high 
blood pressme on al)sorption in these experiments was due to a w idening of the 
active capillary bed and the consecpient enhancement of transport by diffusion. 

If the effective colloid osmotic pressure of the blood plasma be considered as 
a predominant factor in absorption, as suggested by Wells (6), then high systemic 
blood pressure wT)uld be expected to favor (‘apillary filtration and intestinal 
secretion rather than absorption unless rather drastic compensatory changes in 
vasomotion in the gut circulation were simultaneously made. The greater 
absorption rate in our experiments when blood pressure w'as high obviously 
does not support this view. 

The main force of absorption may be due to the activity of sjxicific absorbing 
(jells in the wall of the intestine. Recent studies (5) indicate that physico- 
chemical work must be performed by some means to cause movements of water 
and ions against normal osmotic forces and against diffusion gradients. The 
site of such activity is imknown, but it may be supposed to lie somewhere in 
the region between the free border of the epithelial layer and the capillaries of 
the intestinal mucosa. When absorption is occui-ring, according to the fluid 
circuit concept, the concentration of the solute must be increased on the capil- 
lary side of the active region. Since diffusion factors, although not predominant. 
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are known to affect absorption, any mechanism which would minimiae the 
building up of a local concentration of absorbed solute at the border of the 
active region should favor the more rapid absorption. 

We have found absorption to be favored in the presence of high systemic 
blood pressure. Under these circumstances, the condition of the circulation 
through the gut must depend on the degree to which its blood Vessels are active 
or passive in the production of the high pressure. Herrick et ah (2) have shown 
that blood flow in the mesenteric artery may be increased during the blood pres- 
sure rise accompanying exercise in spite of concomitant vasoconstriction in the 
viscera. Greater than usual pressure in the arteriolar end of the capillary 
network would produce a faster formation of tissue fluid (3), which, if con- 
ditions at the venous end were favorable, would be balanced by faster absorption 
of tissue fluid, or in the absence of the latter, faster formation of lymph in the 
lymphatics. On the other hand, if the blood vessels of the gut were relatively 
passive, one would expect the capillary bed to be wide in extent due to the 
presence of many active capillaries. All of these factors may act to cause a more 
rapid renewal or circulation of the extracellular fluid in the active region of the 
mucosa and thus effect an unusually brisk removal of solute from this region. 
If this explanation is correct, the absorption of water must be closely associated 
with that of solute, because fluid absorption was also affected by the blood 
pressure level. A more precise definition of systemic blood pressure as a factor 
in absorption awaits the better understanding of the local conditions, both 
circulatory and al^sorptive, in the intestinal mucosa. 

SUMMARY AND CONCLUSIONS 

In 47 barbitalized dogs, in which the carotid sinus region was electrically 
stimulated to produce a fall in blood pressure, there was no relation between the 
rate of absorption of saline from Moreau loops of the small intestine and the 
blood pressure level throughout the range: 71 to 137 mm. Hg. 

In 38 dogs, not stimulated, the rate of absorption of both fluid and chloride was 
statistically greater when blood pressure ranged from 160 to 190 than between 
either 100 and 130 or 110 and 150 mm. Hg. 

It is suggested that the beneficial effect of high systemic blood pressure is due 
to better removal of absorbed solute in the gut mucosa. 

The technical assistance of R. E. Richard is gratefully acknowledged. 
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PHYSIOLOGICAL EFFECl^S OF A PLASAIA l^POTEIX: BLOOD 
PRESSIIRE, T.EFCO(^YTE (XINC'ENTRATION, SMOOTH 
AND (^ARDIAC^ MUSC^LE ACTIVITY^ 


M. MASON GUKST, HOHEKT C. Ml HPHY, STEPHEN II. BODNAR, ARNOLD G. 

WARE AND WALTER H. SEI^^GJMIS 

From the ] )eparimc}it of Phymologi/, Collecje of Medicine^ Waijnc ( ' niversity, Detroit 
R(‘(*(Dvod for publication May 5, 1017 

It is bo(*ominp; iru*r(‘asingly (‘\d(lont that plasma may noi-mally possess unrecog- 
nized proteins capaiile of producing pliysiological responses. Ho\ve\'er, in order 
to study such proteins they must first l)(‘ obtained in suitable concentration. 
We have had an opportunity to ('xamim' a new plasma fraction recently des(*ribed 
(1). lntrav'en(>us administration has revealed a })owei’ful depr(\ssor .substance 
which is non-dialyzable and relatively heat stable. d1ie depressor substance is 
insohd)le in watei-, but soluble in saline. Its activity is not destroyed by reduc- 
tion with cysteine or glutathione. It is precipitat(‘d from plasma within the 
limits 20 to 29 per C(‘nt of .saturation with ammonium sulfat(‘. In addition this 
fraction has been found to |) 0 .ssess a leucopemia i)roducing effect, and a stimulat- 
ing (‘fleet on smooth muscl(‘. It inhibits the activity of th(‘ turtl(‘ lunirt . 

Gu.\kh.\l mf/phods. Biological malcrials. Dogs w(‘r(‘ used for studying de- 
pr(‘s.sor and haicopenia producing effects of plasma fra(‘tions. Iduyy were of 
eith(‘r s(‘.x and ateraged alxait 8 kgm. body weight . Approximately 1(X) were 
us(‘d in this study. Generally tlaw w(*re given nembutal anesthesiii, Init in a 
few instanc(‘s morphine plus uretliane was usexL Blood pressure measurements 
W(‘r(‘ mad(‘ with a mercury manometcM’ by cannulating the carotid artery. Both 
right and left femoral arteri(\s and v(‘ins wc're exposed. The left femoral artery 
was cannulated for the purpo.s(‘ of obtaining blood samples. 

Guinea pigs were ol)tain(‘d from ix^gular stock. They were gi\en morphine 
plus ur(‘thaM(‘ an(‘sth(‘sia . Blood pressure nuxisurcanents were made as with the 
dogs. 

Smooth muscle was obtainc'd from the duodenum of the rabbit. T\Tode 
solution was used to bathe the tissue and the ordinary aiaangements for I'ecord- 
ing movememts wei’(‘ used. 

Turtk's were of such size as to liaA'e a plastron 8 inclu's long. For perfusion 
experiments the right innominate artery and left axillary vein were cannulated. 
The other vessels were ligated. Ringer-Locke isolution was used as |)erfusion 
fluid. The venous pressure was arranged so as to give maximum output of the 
heart against a low' arteriid pressure. 

General blood studies. Whole I)lood clotting times were done by the Lee-White 
method. Sedimentation rates were measured in Gutler tubes. Se^'en parts of 
blood were mixed w'ith 1 volume of 1.85 per cent potassium oxalate. Red and 

^ Aided by a grant from (he Nat ional Institute of Health. 
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white cell counts were made on similarly oxalated blood by conventional 
methods. The same person performed all counts including differentials. 

Plasma fraction. These preparations were made as described by Loomis, 
George and Ryder (1). This plasma fraction is very potent in fibrinolysin ac- 
tivity, and our first purpose in working with the product was to study the in vivo 
effects of fibrinolysin. The plasma fraction containing fibrinolysin, along witli 
other proteins, will be referred to as fibrinolysin. 

Experimental results. Dogs. The fibrinolysin, in saline solution, was 
injected into the femoral vein. The mean blood pressure in dogs whi(‘h received 
100 to 200 mgm. fibrinolysin (total of 50-400 units) per kgm . of body weiglit fell 50 



17 * 33 " 22 ’ 49 “ 


Fig. 1. Effect of injecting 1.6 grams of fibrinolysin. The dog weighed 8 kgm., and the 
initial blood pressure was 134 mm. Hg. 

per cent or more within 1 5 seconds after the start of administration (fig. 1 ) . In the 
experiment shown on figure 1 the initial depression in blood pressure lasted about 
12 minutes, then there was partial recovery followed by a secondary fall. The 
pressure then remained low 4 hours and 52 minutes at which time the expei iment 
was terminated. In about 5 per cent of the animals death occurred before an 
arbitrary termination of the experiment. Generally one finds that the gingival 
line becomes pale. The spleen is contracted and the intestinal area is congested 
with blood. With 10-20 mgm. per kgm. of body weight the initial fall is similar 
to that with large doses but recovery is rapid. 

Figure 2 gives a more detailed analysis of the events immediately following in- 
travenous administration. The record shows the results for blood pressure, 
respiratory rate and heart rate following the administration of 2.8 grams of 
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fibiinolysin to a 6.8 kgni. dog. Iho heart rate inereases as the blood pressure 
falls. 1 here ! 01 e, the response of th(^ heart may be reflex in origin. Although 
the blood pressuie remains low the heart rate rapidly n^turns to the jire-injeetion 
rate. Respiration also inereases and the time n^lationships are su(;h that this 
effect also may be due to reflex ac'tivity. 

Guinea pigs. As in the dog experiments lht‘ int ra v enous administration of the 
fibiinolysin lesulted in a piolound fall in blood pri^ssuri^ (table 1). Tn this species 
both the primary and se(*ondary falls occurred. The responses are altogether 
similar to those in the dogs. 

General observations. It seiuned n(‘(^(‘ssary to minimize the possibility that the 
fall in blood pressure might be due to histamine. Foi* that purpose benadryl 
(/il-dimethylamino-et hyl Ixuizhydryl (dher hydrochloride) was used, because this 
drug has beiui shown to neutralize^ th(‘ (dfect of liistamine (2). Three to 6 rngm. 
pel kgm. ol body weaght wer(‘ given inti’aveaiously irom 2 to 5 minutes prioi* to 
th(‘ fibrinolysin. Th(‘ blood pressure* fall was not pi’eveaited by lienaelryl, anel 
we consider tliis fact as strong e‘vide‘nce‘ that histamine* is not direadly involved in 
the fall in blood pre*ssure. 

In a similar manner atropine* (1 rngm. /kgm. body wt.) was inj(‘cte*d from 2 to 
5 minute's prior to the fibrinolysin. This also iaileal to modify the* bleiod pressure 
tall, this is inte*rpre't(*d to me*an that ae*e‘tylcholine‘ and the* parasympathetic 
system ai'e* not (‘ssential factors in this re'sponse*. 

dotting time's following the intrave'nous administration eif fibrinolysin were 
ne)t signitie*ant ly alt e‘re*d trom the* pre‘-inje‘e*t ion eaintrol value's. 1 Le'inatoea’it mea- 
surements and se'dimentation rate's me'asure'd at interv^als following administra- 
tion ot the fibrinolysin also showe'd no significant deviations from the e*ontre)l 
me^asure'rnents. 

Leucopenia. A profound It'ue'openia de\'e‘lope‘el within 3 minute's following the 
intrav'enious administration of fibrinolysin in eleigs and it lasted from 30 minutes 
tc) 4 hours (fig. 3). Frythrocyte* e'ounts maelt' on blooel take'ii freini the* femoral 
artery and femoral vein remaineel unalte*reel. In the majority of e*ases the dif- 
ferential pattern showe'd une'ejuivocally that the polymeirphonuclear le'uceicytes 
practically disappeareel. The Ivunpheicytes ele'e*re'ase>el emly slightly in numlie'r. 
The net result then was the predominane-e eif lympheie-ytes in a lilood smear. Al- 
though the leucope'nia usually persiste'd from 2 to 4 he>urs, the eiilTerential pattern 
in me)st cases returned to the neirmal ratio in about 45 minutes folleiwing the 
injeM'tion. During the rece)\'ery period a 5 to 15 per e*e'nt increase in young cells 
(band forms) freeiue'iitly occurreHl. 

In vitro experiments showenl that the leue*oe*yte's are* neit elestroyeel diree'tly by 
fibrinolysin. 

In oreler to follow the cellular changes ov'er a longer period of time fibrinolysin 
was given by vein to an unanesthetized dog and cell counts were made at intt'r- 
vals for several days thereafter. The results are shovm in figure 4. The total 
vv’‘hite cell count dropped as it does when fibrinolysin is giv’en vvitli anesthesia. 
The lymphocytes were afTected less than the neutrophiles thus giv ing the same 
pattern which has been observ^ed repeatedly. The principal effect lasted 3 hours. 




Fig. 2. Detailed analysis of eliang.'S in heart rale, respiraticni and blood |)reKSurc iin 
mediately following the intravenous arlminisfration of fihrinolysin. 

Fig. 3. EfFoct of fihrinolysin on leucocytes. 
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26 
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j 
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15 

5 
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On the second day there was a definite leucocytosis involving especially the neu- 
trophiles. By the third day the white cell and differential count had returned 
to normal. It is clear from our analysis that, with the return of the white cells, 
the band forms do not predominate. Perhaps the original cells return. 

A new plasma factor? Thus far the question has not l)een considered whether 
the substance producing these physiological responses is fibrinolysin or some other 
substance in the preparation. Fibrinolysin, as prepared (1), is known to contain 
several protein components. Our first experiments, planned to test the question 
just raised, definitely indicated that something other than fibrinolysin is acutally 
involved. Fibrinolysin is known to be destroyed by an inhibitor present 
in plasma (3, 4). This inhibitor destroys its capacity to lyse fibrinogen 



Fig. 4. Effect of fil)riiiolysiii on leucocyte count of an unanesthetized dog. 


and fibrin. It also destroys its capacity to inactivate prothrombin. We there- 
fore mixed 1 gram of fibrinolysin with 50 cc. of oxalated dog plasma. After 1 
hour of standing at room temperature practically all fibrinolysin activity had been 
destroyed. Upon intravenous injection of this mixture the depressor effect w’as 
obtained as usual. This experiment w^as repeated several times with the same 
results. It is clear that the depressor effect w'as not associated wdth the reactive 
groups responsible for fil)rinolysis and an entirely different molecule probably 
produced the effect . 

Next a search w^as made for a chemical means to destroy fibrinolysin. It was 
found that cysteine and glutathione completely destroys fibrinolytic activity. 
Solutions of fibrinolysin, treated with 1 per cent cysteine or glutathione, and 
possessing no fibrinolysin, as shown by actual quantitative tests, still produced 
the depressor effect. 

Since a new’ substance is under consideration w'e have chosen to refer to it by 
the name vascidarin. 
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Attempts were made to further purify vascularin. An important aid to that, 
end was the observation that it is more resistant to heat than most plasma pro- 
teins. About 8 grams of fibrinolysin, prepared as described by Loomis, George 
and Ryder (1) were dissolved in 0.9 per cent sodium chloride, placed in a 500 cc. 
Erlenmeyer flask, and rapidly heated to 90°C. in a boiling water l)ath. llie flask 
was rotated rapidly in order to facilitate heating. At 90° a change Avas made 
immediately to ice cold water so that quick (tooling resulted. This heating coagu- 
lates about 80-90 per cent of the protein, but not the vascularin. Apparently 
not much vascularin activity is lost; hoAvever, our (piantitative data on the latter 
point are not very exact. The coagulated protein aa'rs then remoATd by cen- 

OogNo.99 $ 4.5 kg. 



INJECTION of 14 cc. of PLASMA FRACTION No. 470102 

Fig. 5. Effect of intravenous administ ration of vascularin purified as described in text. 
The initial blood pressure was 150 mm, Hg. 


trifugation and the supernatant fluid was shell frozen and dried from the frozen 
state. The dry material was dissolved in a small amount of saline and dialyzed 
against saline to obtain physiological concentrations of salt. 

Figure 5 shows the depressor effect of this preparation when injected into the 
femoral vein of a 4.5 kgm, dog. This kind of preparation also produces leu- 
copenia. 

Smooth muscle. Gross observation of the gut following the administration 
of vascularin revealed marked activity. To test the possible direct effect of the 
protein on isolated intestinal muscle strips, a short segment of rabbit gut was 
immersed in Tyrode solution at 37°C. and the contractions of the longitudinal 
muscle were recorded. The vascularin to be tested Avas prepared from 1 gram of 
fibrinolysin by the method described above. It was dissolved in 30 cc. Tyrode 
solution and throughly dialyzed against Tyrode solution. The activity of the 
muscle was then tested in this solution. Within 1 to 5 minutes the tonus of the 
muscle had markedly increased and the amplitude of the contractions became 
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much greater than during the previous control period (fig. 6). Atropine 
decreased the marked tonus of the muscle, but the amplitude of the contractions 
was not affected. Vascularin invariably produces intense activity of the isolated 
rabbit gut. 

Perfimon experiment Perfusion experiments with the isolated turtle heart 
were performed as described above. When vascularin w'as introduced into the 
inflow tube on the venous side the cardiac output fell immediately to zero. Visi- 
ble contractions usually continued at the normal rate but occasionally the heart 
would stop in diastole. When the vascularin was washed away the output re- 
turned rapidly to normal even if the heart action had ceased. 

Preliminary purification of vascularin. At the slaughter house bovine blood 
was mixed with anticoagulant (1.85 per cent K2C204-2H20 plus 0.5 per cent 
H2C204*2H20) in the proportion of 1 part anticoagulant to 20 parts of blood. 
Plasma was obtained by centrifugation. To remove fibrinogen, 5,000 units of 
commercial thrombin (Thrombin, Topical, Parke, Davis & Co.) were added to 4 
liters of plasma. Saturated ammonium sulfate solution was then added to the 
defibrinated plasma to 20 per cent of saturation. After centrifugation the pre- 
cipitate was discarded. The supernatant was then brought to 30 per cent of 
saturation. After standing over night in the refrigerator at 5®C., the supernatant 
fluid was decanted and the precipitate packed by centrifugation. The precipi- 
tate was dissolved in 0.9 per cent sodium chloride and dialyzed for several hours 
against running tap water. The solution, about 200 cc. in volume, was placed in 
an Erlenmeyer flask, and the flask rotated in a boiling water bath until the tem- 
perature of the solution reached 90°C. A large mass of coagulated protein was 
obtained. The flask was rapidly cooled in ice water and the coagulum separated 
by filtration. The filtrate was then mixed wdth about 25 cc. of packed 
magnesium hydroxide paste. The mixture was centrifuged and the supernatant 
fluid was decanted. This solution was then shell frozen and dried from the fro- 
zen state by the method of Seegers (5). The dried material was dissolved in 
saline and dialyzed against repeated change of saline before being used for physio- 
logical tests. This vascularin preparation contains tyrosine and has no fibrino- 
lytic activity. 

Repeated experiments with this material prepared from different bovine plasma 
collections over a period of time have resulted in almost identical effects on the 
blood pressure of dogs, the white cell count of dogs, and the smooth muscle of the 
rabbit gut. 

Discussion. There is no method for measuring the concentration of this 
factor in plasma and, therefore, one is handicapped in this work. It might be 
suggested, for example, that vascularin is a denatured protein and is not nor- 
mally present in plasma. A transitory leucopenia has been produced with 2 
grams’ dried plasma. This result and the fact that 2 grams’ bovine globulin (50 
per cent saturation with ammonium sulfate at 0®C.) produced a very marked, 
though transitory, leucopenia leads to the belief that this factor is present 
in plasma as such and is not the result of chemical reagents acting on plasma. 
Tw grams’ crystalline bovine albumin had no effect. If the careful handling 
of the crude globulin fraction activated a precursor this does not detract from its 
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possible physiological importance, because physiological activators ai-e numerous 
and one could exist for the purpose of activating a precursor of the factor 

being discussed. . 

In the preliminary purification procedure described above 42 mgm. of protein 
wfere obtained from 4 liters of plasma. Since the original concentration in 
plasma is not known we cannot calculate the per cent yield. Furthermore, there 
is no quantitative information as to the purity of the product. It could be rea- 
sonably free of foreign proteins because only 3 mgm. have produced a definite 
transitory leucopenia in a dog. Likewise the per cent yield ot the method de- 
scribed might be good, because many modifications of the description given above 
resulted in lower yields. Let us then make the reasonable assumption that the 
purity of the product was 20 per cent and the yield also 20 per cent. Then 4 
liters of plasma would contain 42 mgm. vascularin, and it would represent about 
0.015 per cent of the total plasma proteins. This would escape attention in rou- 
tine electrophoretic analysis of plasma. Assume unreasonably a yield of only 1 
per cent and a purity of only 1 per cent. Then it would represent 1 .5 per cent 
of the total plasma proteins and could still escape detection in electrophoretic 
patterns of plasma. It is very likely, therefore, that vascularin is present in 

normal plasma in small concentration. 

The presence of a depressor factor in the globulin fraction of human and liorse 
serum has been mentioned (6, 7) but apparently no extensive study has l>een 
completed. The physiological effects of this substance in concentrated iorm are 
of such character as to make it necessary to give consideration to the (luestion of 
its normal r61e in health and disease. Although it might be suggested that sen- 
sitization phenomena come to be involved we do not consider that possibility 
seriously because it is not in accord with the kno^^^l facts. ... 

Shock-like reactions in dogs have been described (8, 9) as following the injection 
of ascaris extract and hydatid fluid. After to 2 minutes the blood pressuie 
dropped, the blood became incoagulable, and the sedimentation rate increased. 
With vascularin the fall in blood pressure is immediate, there is very little change 
in clotting time and no increase in sedimentation rate. In view of these dif- 
ferences the substances cannot be considered to be identical in their physiological 
actions. 

The non-specificity of leucopenia in dogs is well known. Pyrogens have no- 
tably been known to produce a leucopenia (10, 11) . However, in the above de- 
scribed experiments, it seems unlikely that pyrogens could have produced the 
effects because of the method of preparation of the plasma fraction. It m also of 
significance that pyrogens generally are water soluble (12) while the active prin- 
ciple obtained from bovine plasma, with which this paper i6 concerned, has been 

shown to be insoluble in water. j • • 

Transitory leucopenia has been produced following the intravenous adminis- 
tration of substances of large molecular weight. For example, glycogen, gum 
acacia and starch have been used (13). Inasmuch as the leucopenia was accom- 
panied by extremely high sedimentation rates it was postulated that rouleaux 
formation caused the larger red cell masses to occupy a position in the 
axial st^am thus forcing the white cells to the periphery where they tend to re- 
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main either because of slower fluid movement or adherence to the vessel walls. 
This is not the explanation of the leucopenia found in our experiments because 
we found normal sedimentation rates. In no case in our series was the sedimen- 
tation rate significantly increased. 

Other workers have offered an explanation for the transitory leucopenia pro- 
duced by the intravenous administration of glycogen (14) . It has been explained 
that the leucocytes collect in the lung capillaries. Pulmonary tissue sections 
made from the dogs in our experiments show no evidence of concentration of 
leucocytes. In addition it is extremely unlikely that the protein fraction with 
which we are concerned contains glycogen or is in any way similar to glycogen 
in its action. 


SUMMARY 

A protein concentrate has been obtained from bovine plasma which has, a pro- 
found depressor effect when injected intravenously, either in dogs or guinea pigs. 
The depressor effect is immediate in its onset. Depending upon the quantity 
administered, animals may or may not survive. We refer to this substance as 
vascularin. It also produces a leucopenia, which is sudden in onset, but rever- 
sible in character. The lymphocytes are relatively less affected than the granulo- 
cytes. 

It stimulates the smooth muscle of the rabbit intestine. In perfusion experi- 
ments with the isolated turtle heart, there is a decrease in cardiac output, and 
these effects on the heart are reversible. 

Vascularin has the properties of an euglobulin, it is non-dialyzable, it is unusu- 
ally heat stable for a plasma protein, and it does not lose its physiological activity 
when reduced with cysteine or glutathione. 

Glutathione and cysteine destroy' the activity of fibrinolysin. 

We wish to thank Eugene C. Loomis for supplying us with generous quantities 
of fibrinolysin. We also wish to thank Parke, Davis and Company'^ for supplying 
binds for Research in Physiology. 

REFERENCES 

(1) Loomis, E. C., C. George, Jr. and A. Ryder. Arch. Biochem. 12 : 1, 1947. 

. (2) Loew, E. R., R. MacMillan and M. E. Kaiser. J. Pharmacol, and Exper. Therap. 
86 : 229, 1946. 

(3) Grob, D. J. Gen. Physiol. 26 : 405, 1943. 

(4) Christensen, L. R. and C. M. MacLeod. J. Gen. Physiol. 28 : 559, 1945. 

(5) Seegers, W. H. Science 101: 284, 1945. 

(6) Cohn, E. J. Science 101: 51, 1945. 

(7) Mudd, S. and W. Thalhimer. Blood substitutes and blood transfusion. Charles 

C. Thomas, Publisher, Springfield, Illinois, p. 190, 1942. 

(8) Rocha £ Silva and R. GraIJa. Arch. Surg. 52 : 523, 1946. 

(9) GraSJa, a., F. C. Mann and H. E. Essex. This Journal 148 ; 243, 1947. 

(10) Young, E. G. and F. A. H. Rice. J. Lab. and Clin. Med. 29 : 735, 1944. 

(11) Co Tui, K. S. McCloskbt, M. H. Schrift and A. L. Yates. Proc. Soc. Exper. Biol. 

and Med. 35 : 297, 1936. 

(12) Banks, H. M. Am. J. Clin. Path. 4 : 260, 1934. 

(13) Vejlens, G. Acta path, et microbiol. Scandinav. Supp. 38: 1, 1938. 

(14) Bucher, K. and H. Staub. Arch. f. exper. Path. u. Pharmacol. 194: 506, 1940. 



ADRENAL RESPONSE TO TOTAL BODY X-RADIATION 

H. M. PATT, M. N. SWIFT, K. B. TYREE AND E. 8. JOHN 

From the Btology Division, Argonne National Laboratory, ChieagtA 
Received for publication June 7, 1947 


Our interest in the adrenal response to total body x-radiation has been stimu- 
lated by several considerations. Among these may stated 1, the similYdy 
between the changes produced in blood and lymphoid tissue by x-ray and y 
single injections of either adrenal cortical extract or pituitary adrenotrophic 
hormone (2, 3); 2, the potentiating effect of urethane, which presumably stimu- 
lates the adrenals, on x-ray toxicity (6, 10, 11); 3, the similarity between many 
of the terminal symptoms observed after x-radiation and those noted m ex- 
perimental adrenal cortical insufficiency; and 4, the reported reduction in 
mortolity of x-radiated mice by the use of desoxycorticosterone acetate (5). 
In view of the non-specificity of the adrenal alarm response to stress, it seems 
reasonable to postulate a similar early increase in adrenal cortical activity after 
irradiation, which, if prolonged, may possibly result terminally in a relative 


adrenal insufficiency. i 4.,.. „ 

Many of the changes observed after x-radiation are apparently secondary to a 

direct effect of the radiation upon ceUs. Thus, Barnes and Furth (1), using 
parabiotic mice, have demonstrated a remote effect of radiation on nonirradi- 
ated tissues, including lymphoid structures and bone marrow, feimilar ote- 
vations have been made clinicaUy following local irradiation of lymphoid tissue. 
That the adrenals are implicated in some of these indirect responses is sugg^ted 
by the findings of Leblond and Segal (7). These investigators have described a 
generalized involution of lymphoid structures following heavy local x-radiation 
(2000 r-3600 t) in normal but not in adrenalectomiised rats. Alter adren- 
alectomy, lymphoid changes were restricted to the irradiated area, ^^^cen^- 
Dougherty md White (4) have reported a lymphopenia and structural alter- 
ations in lymphoid tissue following 10 r in normal mice. Similar radiation doses 
Riven to adrenalectomized animals failed to evoke a lymphopenic response. 
Since larger doses (200 r) produced similar changes m mtact and adrenalecto- 
mized animals, it was suggested that x-rays exert both direct and indirect effecte 
on lymphocytes, the latter being mediated by a pituitary-adrenal cortical 


It was the purpose of the present investigation to determine the adrenal weig 
and the adrenal cholesterol content at frequent intervals following total body x- 
radiation at three selected doses, sublethal, LD» and LDioo. It was ho^ m 
this way to follow any altemtion in adrenal activity dunng the course of radi- 
ati(Hi sickness and to provide thereby a possible basis for interpretmg some o 

the phymological changes observed after x-radiation. _ 

I This document is baaed on work perfo^ under Contract no. W-31-109-eng-38 for 
tbe M fttiliftfctim Proiect at tb© Argonne National Laboratory. 
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Methods. Two hundred and fifty white male rats (Maguran) ranging in 
weight from 210 to 285 grams received total body x-radiation in a single exposure 
at one of three dose levels, 200 roentgens (r), 650 r or 900 r. The radiation 
factors for the 200 r and 900 r exposures wer6: 200 kv, 15 Ma, 0.5 mm. Cu 
1.0 mm. A1 filters, 72.5 cm. distance, dose rate 15 r/minute. Radiation factors 
for the 650 r exposure were identical with the exception of the distance which 
was 101.3 cm. and the dose rate, 8 r/minute. In the 650 r experiment which 
was carried out first, the animals were exposed in cellulose acetate boxes in 
groups of 10. In the subsequent experiments animals were irradiated in large 
perforated aluminum boxes in groups of 8. It was believed that the aluminum 
box would not only be more convenient but would also provide better ventilation. 
Calculations indicated that absorption of x-rays by the perforated aluminum 
box is negligible. 

In order to control the factor of selection, each group was designated after 
x-ray for a specific sacrifice time. Rats which died during the course of the 
experimental period were analyzed in the same manner as those which were 
sacrificed. All animals were weighed Ix^fore and after irradiation and at the 
time of sacrifice or death. 

Animals were sacrificed with nembutal (IP); and the adrenals, spleen and 
kidneys were removed, dissected free of fat and w'eighed on a torsion balance. 
The paired adrenals from single animals were macerated and digested according 
to the method described by I^evin (8). Total adrenal cholesterol was deter- 
mined by the Schoenheimer-Sperry method as modified by Sperry (14). The 
color developed in the Liebermann-Burchard reaction was read in the Evelyn 
photoelectric colorimeter using the 660 filter. In one series of experiments at 
900 r, the adrenals, kidneys and a skeletal muscle were weighed l>efore and after 
drying to constant weight in an oven at 120°C. 

Two types of control groups were used. One group consisted of 68 untreat^ed 
male rats, the other of 57 male rats which were placed in the exposure boxes for 
a duration equivalent to the length of time required for x-ray. The exposure 
box coi^(!*ols were sacrificed at different intervals after boxing. 

Results. The percentage changes in adrenal cholesterol and adrenal weight 
after total body x-radiation at 200 r, 650 r and 900 r are indicated in figure 1 . 
A summary of all data is presented in table 1, a, b and c. 

Adrenal choksteroL Adrenal cholesterol expressed as milligrams total choles- 
terol per 100 grams of body weight is decreased by some 40 to 50 per cent 3 to 6 
hours after x-radiation at either 650 r or 900 r. After 200 r, however, there is 
only a slight reduction in cholesterol (10-15 per cent) comparable to the change 
observed in the exposure box controls at the same time. Cholesterol rises some- 
what in the 650 r group 2 days after x-ray and continues to increase reaching a 
level some 100 per cent above the normal at 7 days. This is followed by a return 
toward the normal at 9 and 11 days and a further increase at 15 days. It should 
be pointed out that many of the rats were dying in the 7 to 11 day period after 
650 r. After the initial decrease in adrenal cholesterol with 900 r, there is a 
slight recovery followed by a marked fall at 3 days, amounting to about 75 
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per cent. A considerable number of the animals were prostrate and showed 
2vere diarrhea, nasal hemorrhages, marked edema and hemorrhage m the 
gastro-intestinal tract at this time. The majority of deaths occu^d around 
4 days after irradiation with 90ff r. Animals dying or sacrificed wh^e moribund 
after either 650 r or 900 r show a greatly reduced adrenal cholesterol (80 per cent). 
In the 200 r group, there' is a significant elevation in cholesterol conten o e 
adrenals 2 days after x-radiation followed by a gradual return to normal. M one 

of the animals died after 200 r. . 

Adrmtd weight. Adrenal weight expressed as milligrams per 100 grams ot 
body weight increases 6 hours after x-ray in both the 650 r and 900 r groups bu 



a rather similar rise is noted in the exposure box controls at this time^ At 2 
days, however, adrenal weight is increased by some 20 to 40 per cent m the x-ray 
groups whereas no further rise is observed in the controls. In the 650 r group, 
the adrenals continue to show an increase m weight at 4 dajra (55 per cent in- 
crease). This is maintained at 7, 9, 11 and 15 days 

increase in adrenal size of some 75 per cent is observed 3 days after 9(» r. ifte 
adrenals are even somewhat heavier at 4 days (90 per cent increase). ^ 
crease in adrenal weight of over 100 per cent k s^n m anim^ 
r and 900 r groups which died or were sacrificed while monbun . ■ 
radiation at 200 r little change is noteddn adrenal size. 

The increased adrenal wet weight observed after 650 r and 900 r b not a result 
of an increase in percentage of water, for the adrenal dry weight mcreases m a 



TABLE la 

Changes following x-radiation at SOO r 



SACRI- 

NUMBER 

BODY WEIGHT 
GMS. 

ADRENAL 

ADRENAL CHOLESTEROL 

SPLEEN WT., 

KIDNEY WT., 

GROUP 

FICE 

TIME 

OF 

ANIMALS 

Be- 

fore 

x-ray 

At 

sacri- 

fice 

GMS. BODY 
WEIGHT* 

Mgm./lOO 

mgm. 

adrenal 

Mgm./lOO 
gms. body 
weight* 

GMS./lOO 
GMS. BODY 
WEIGHT* 

GMS./lOO 
GMS. BODY 
WEIGHT* 

Untreated 

controls 

X-radiated 

days 

0.12 

23 

8 

279.6 

247.4 

274.4 

13.35 ±0.38t 
11.76 ±0.53 

2.51 ± 0.16 
2.43 ± 0.24 

0.33 ±0.02 
0.29 ± 0.03 

0.593 ± 0.039 
0.643 ± 0.051 

0.793 ± 0.010 
0.710 ± 0.048 

X-radiated 

0.25 

8 

262.9 

256.7 

12.08 ±0.60 

2.29 ± 0.23 

0.28 ±0.03 

0.684 ± 0.053 

0 . 7U ± 0.026 

X-radiated 

2 

8 

271.9 

260.6 

13.86 ± 0.62 

2.38 ± 0.28 

0.33 ± 0.04 

O . S89 ± 0.032 

0.764 ±0.031 

X-radiated . . i . 

8 

275.8 

260.9 

14.84 ±0.64 

3.21 ± 0.33 

0.48 ±0.05 

0.478 ± 0.038 

0.800 ± 0.021 

X-radiated 

X-radiated 

4 

8 

277.0 

278.3 

13.21 ±0.55 

3.08 ±0.18 

0.41 ±0.03 

0.848 ±0.018 

0.743 ± 0,016 

7 

8 

262.5 

276.0 

12.71 ±0.61 

3.03 ±0.38 

0.38 ±0.05 

0.492 ± 0.032 

0.767 ± 0.022 

X-radiated 

9 

6 , 

281.7 

291.6 

13.36 ±0.91 

2.56 ±0.14 

0.34 ±0.06 

0.870 ±0.033 

0.743 ± 0.019 

X-radiated 

11 

8 

254.1 

274.7 

12.97 ±0.68 

2.69 ±0.24 

0.33 ±0.03 

0.446 ± 0.062 

0.742 ± 0.027 

X-radiated 

15 

8 

261.3 

286.5 

11.73 ±0.44 

2.95 ±0.29 

0.34 ±0.03 

0.827 ±0.019 

0.763 ±0.018 


TABLE lb 


Untreated 

controls 

Exposure box 


26 


235.5 

12.87 ± 0.49 

2.95 ± 0.11 

controls 

Exposure box 

0.25 

10 

248.3 

243.0 

14.12 ±0.35 

2.46 ±0.17 

controls 

2 

9 

261.2 

264.3 

12.01 ± 0.66 

3.04 ± 0.17 

X-radiated 

0.25 

10 

261,9 

252.2 

13.98 ± 0.72 

1.42 ±0.29 

X-radiated 

2 

10 

216.9 

194.2 

18.52 ±1.19 

2.48 ±0.16 

X-radiated 

4 

10 

215.4 

175.9 

20.81 ± 1.11 

3,44 ±0.35 

X-radiated 

7 

8 

220.0 

194.8 

19.44 ± 1.88 

4.21 ± 0.22 

X-radiated 

9 

7 

214.3 

188.2 

19.29 ± 2.90 

3.70 ± 0.46 

X-radiated 

11 

8 

220.0 

187.1 

19.71 ± 1.74 

3,07 ± 0.64 

X-radiated 

15 

4 

210.0 

177.1 

21.60 ± 3.49 

3.35 ± 0.67 

X-radiated 

at 

death t 

11 

213.5 

167.9 

80.25 ±2.52 

0.54 ±0.12 


0.38 ± 0.02 


0.35±0.02| 


0.30 ± 0 

o.»±o 

0.45 ± 0 

0.68 dr 0 
0.80 dr 0. 
0.66 dr 0. 

0.58 = b0 . 
0.76 dr 0. 
0.15 dr 0 


0.609 dr 0.026 


0.638 dr 0.049 


0.691 

0.486 

0.316 

0.321 

0J63 

0.864 

0.205 

0.474 

0441 


rfc 0.068 

± 0.032 
rt 0.0191 

rfc 0.1 
dr 0.037 
rfc 0.042 
rfc 0.027 

dr 0.020 
dr 0.019 


TABLE Ic 

Changes follonring x-radiaiion at 900 r 


Untreated 
controla.;^ — 
Expo8urfl«^fe^ 
controls. . . . 
Exposure box 
controls. . . . 
Exposure box 
controls. ... 
Exposure box 
contrc^s. . . . 
Exposure box 
controls.. ... 
X~radiated. . . 

X-radiated 

X*radiated 

X>radiated 

X-radiated 

X-radiated 

X-radiated 


4 

0.12 

0.26 

1 

2 

3 

4 

at 

death 


8 

15 

20 


281.4 

256.0 
272.61 
266. 6| 
270.5| 
267.6| 
268.81 
267, 
264.11 


257.9 

203.0 


13.14 ±0.48 
12,69 ±0.73 


.6 14.02 ± 0.82 


249.3 
287. 2| 

259.4 

264.5 

255.01 

248.4 

251.5 
222.3 

223.2 

211.6 


14.45 ±0.08 

12.63 ±0.76 

14.43 ± 1.14 
13.23 ±0.41 
15.38 ±0.53 
14.53 ±0.52 
16.14 ±0.55 
22.68 ±1.26 
24.89 ± 1.20 
27.65 ± 0.86 


2.60 ±0.20 1 
2.15 ±0. 
2.49 ± 0. 

2.43 ±0.17 

2.44 ±0.12 

2.37 ±0.16 
1.44±0.10| 
1.74 ±0.19 
2.25 ±0.27 
1.71 ±0.26 
0.87 ±0.06 
0.47 ± 0.08 
0J6 ± 0.03 


0.34 ± 0.03 

0.28 ± O. 05 I 

0.35 ±0.04 
0.36 ±0.04 
0.31 ± 0.07| 


0.36 ± 0. 
0.19 ± 0 . 
0.27 ±0. 
0.33 ± 0. 
0.27 ± 0. 
0.09 ±0. 
0 . 11 ± 0 . 
0.07 ± 0 . 


0.628 ± 0.047| 
0.641 ± 0.041 
0.586 ± 0.045| 
0.651 ± 0.04 
0.662 ± 0.022| 


0.543 

0.508 

0.552 

0.417 

0.322 

0.132 

0.146 

0.152 


± 0.062 
± 0.022 
± 0.035| 
±0.056 
± 0.020 
±0.007 
± 0.010 
±0.011 


0.780 ±0.013 

0.768 ±0.016 

0.795 ±0.020 

0.798 ±0.043 

0.784 ± 0.025 

0.817 ±0.049 
0.777 ± 0.018 
0.783 ±0.027 
0.740 ±0.035 
0.758 ± 0.028 
0.721 ± 0.019 
0.755 ±0.023 
0.796 ± 0.020 


* Body weight at saorifioe used in calculations, 
t Indicates standard error of the mean. 

t Includes 4 anixnals at death, 4 found dead and 3 sacrificed in moribund condition. 

Boldface figures indicate statistically significant difference (p < 0.01) from mean of untreated controls. 
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rather similar fashion (fig. 2). The percentage water is thus ^most equivalent 
at all sacrifice periods even though the wet weight is increasing. Kidney and 
muscle wet and dry weights were determined as controls. These were remark- 
ably constant in water content after x-radiation (table 2). 

Spken, kidney and body weights. Although there is some indication of a 
decrease in spleen size* as early as 6 hours after x-radiation, these, changes are 



TABLE 2 

Per cent water in adrenal ^ kidney and muscle after x-radiation at 900 r 


GROUP 

SACRl- 

NUMBER 

BODY 

WEIGHT 

adrenal weight, mgm./ 
100 OMS. BODY WEIGHT 

KIDNEY WEIGHT, QMS./ 
100 OMS. BODY WEIGHT 

MUSCXE 
PER CENT 

TXCrils 

tho: 

MALS 

AT 8ACRI- 
EtCE 
OM8. 

Wet 

Dry 

Per cent 
water 

Wet 

Dry 

Per cent 
water 

WATER 

Untreated controls. . 

days 

10 

279.2 

11.92 

3.04 

73.7 

0.724 

0.164 

77.3 

76.4 

]^~radiated 

0.12 

6 

272.0 

13.41 

3.66 

72.7 

0.739 

0.173 

76.6 

76 C 

75.6 

X-radiated 

0.26 

4 

282.0 

13.69 

3.89 

71.6 

0.714 

0.170 

' 75.7 

X-radiated 

1 

5 

274.0 

12.64 

3.17 

74.8 

0.761 

0.176 

77.0 

76.9 

X-radiated 

2 

5 

273.4 

13.70 

3.07 

77.7 

0.699 

0.169 

77.3 

76.5 

X-radiated 

4 

10 

250.3 

21.16 

6.62 

72.4 

0.791 

0.180 

76.9 

76.8 

X-radiated 

6 

4 

229.3 

28.31 

8.12 

71.1 

0.819 

0.191 

76.7 

76.3 


not significant until the 2 day sacrifice period at which time a 50 to 60 ^r cent 
decrease is noted in both the 650 r and 900 r groups. The spleen continues to 
decrease in weight in the latter group until death. In the 650 r group, there is 
also a further decrease in spleen weight with the maximum change observed at 
7 days. This is followed by a gradual recovery at 9, 11, and 15 days. At death 
^leen has decreased in the 650 r and 900 r groups to roughly one-fourth of the 

* llie weight of the spleen in the controls i* somewhat Mgher than usually described for 
other rat strains. This may be the result of a Bartonella infection wMch was dmoovered m 
a numbw of the stock rats aftw these studies were in progress. 
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control weight. A reduction in spleen weight is noted as early as 1 day after 
200 r. This decrease is maintained at most of the subsequent sacrifice periods. 
It is interesting to note, however, that statistically significant weight changes 
(p <0.01) are observed only at the 1, 4, 9 and 15 day sacrifice periods after 200 r. 

Kidney weight expressed as grams per 100 grams of body weight shows no 
significant deviation in any of the groups after x-radiation with one exception. 
A small but significant decrease (10 per cent) is observed in the group sacrificed 
6 hours after 200 r. 

There is a small progressive decrease in body weight at each sacrifice period 
for the 650 r and 900 r groups. With 2KX) r there is a slight decTease (5 per cent) 
in body weight until the fourth day. Body weight then increases progressively 
reaching a level some 10 per cent alK)ve the pro x-ray weight at the 15 day 
sacrifice period. Exposure box controls and x-radiated animals show a similar 
small decrease in weight during boxing (2-4 per cent). 

Discussion. The early decrease in adrenal cholesterol after total body 
x-radiation at 650 r and 900 r is similar in magnitude and time course to that 
following a single injection of adrenotrophic hormone in the intact rat (12). 
Comparable changes are also observed in many conditions of stress and are 
believed to be associated with an increased adrenal activity (8, 9, 12, 13). Since 
similar effects are produced by the injection of the adrenal cortical hormones and 
the pituitary adrenotrophic hormone w^hen the adrenals are intact, it has been 
concluded that the adrenotrophic hormone actually increases the rate of secretion 
of the adrenal cortical hormones (12). Furthermore, since these effects of the 
adrenotrophic hormone are associated with a simultaneous reduction in adrenal 
cholesterol content, there is considerable likelihood that cholesterol is related to 
the formation of the adrenal cortical hormones which are also of a steroid nature. 

The apparent increase in adrenal activity, indicated by a decrease in cholesterol 
content as early as 3 hours after irradiation, may account, in part, for some of the 
early symptoms of radiation sickness. Reference has already been made to the 
similarity in the blood picture and lymphoid tissue following x-ray and following 
the injection of adrenal cortical extract or pituitary adrenotrophic hormone. 
Likewise, the prevention by adrenalectomy of some of the physiological changes 
induced by x-ray would substantiate this hypothesis (7). The significance of 
the greatly increased adrenal cholesterol observed one week after x-radiation in 
the 650 r group is not clear. This may be a result of prolonged stimulation of the 
adrenal cortex, indicating either a maintained increased cortical acti\1ty or 
actually a decrease in activity due perhaps to a type of exhaustion. In this 
connection it is interesting to note that injection of pituitary adrenotrophic 
hormone over a period of 3 days also results in an elevated adrenal cholesterol 
(12) . The return of adrenal cholesterol tow^ard normal observed at 9 and 1 1 days 
after exposure to 650 r may be attributed to the fact that a considerable number 
of animals were dying in the 7 to 11 day period. The presence of one or tw’o 
animals which would have died shortly with a low adrenal cholesterol could 
account for the decrease observed at this time (fig. 1). 

After 900 r, the demand for cortical hormone is probably excessive. This is 
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suggested by the abrupt decrease in adrenal cholesterol associated with a greatly 
increased adrenal weight 3 days after irradiation. These findings are rather 
similar to those observed terminally and probably represent the extreme adrenal 
response to stress. Adrenal cholesterol determinations in animals found dead 
are slightly lower than in animals at death or in animals sacrificed in a moribund 
condition. Yet, even if one eliminates the former, the decrease is still marked 
and statistically significant (p <0.01). 

The changes in adrenal cholesterol and adrenal weight after 200 r would seem 
to indicate little adrenal response to this dose. Still, the small early decrease in 
cholesterol content and the rather considerable increase at 2 days may suggest 
some change in adrenal activity even at 200 r. The exposure box controls, 
however, show a rather similar early decrease in adrenal choleste^^ol, indicating 
that the caging per se may be a mild stress situation. It may be noted that a 
much greater adrenal response, approximately 80 per cent decrease in adrenal 
cholesterol at 8 hours after exposure, has reported by Dougherty and White 
in mice after 200 r (4). 

Involution of lymphoid tissue is associated with the adrenal response to stress. 
The decrease in spleen weight observed after exposure to x-ray may, therefore, 
be related to this adrenal response as well as to the well-known direct effect of 
radiation on lymphoid tissue. It is mteresting to note, however, that rather 
similar early changes in spleen weight were seen at each dose le^^el, although little 
adrenal response was obtained mth 200 r. 

Since it was desired to express the adrenal and spleen weights in terms of body 
weight, the kidneys were weighed as a possible control on the general effect of 
body weight changes on organ w^eights. It was thought desirable to include an 
organ which was believed to be unaffected, at least with regard to its weight, by 
x-ray. Kidney weights expressed in terms ot body weight with only one ex- 
ception are not significantly different in any of the groups at the various sacri- 
fice periods, although Ixxly weight decreases by 10 to 20 per cent after exposure 
to 650 r and 900 r. Since there is a small decrease in body weight after x- 
radiation, the possibility remains that partial inanition might account for some 
of the described adrenal changes. This is rendered unlikely, how'ever, for it has 
been reported that complete starvation for 3 days does not change the cholesterol 
content of the adrenals (8). Although complete inanition will produce adrenal 
hypertrophy, the evidence relating to partial inanition is equivocal (15). If 
rats are chronically underfed there is actually a decrease in adrenal weight which 
is relatively greater than the loss in body weight (15). The relatively brief 
duration of the 900 r experiment would seem to preclude any serious effect on 
adrenal size as a result of the small body weight loss described. 

SUMMARY 

The changes in adrenal cholesterol content and adrenal weight observed after 
total body X-radiation at 650 r and 900 r suggest a considerable adrenal response 
to these dose levels. After 200 r, there is little Change in adrenal activity as 
judged by these indices of response. 
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For many years the importance of muscle tone in facilitiating the return cir- 
culation has been emphasized. Henderson referred to this as the venopressor 
mechanism (1). Recently, failure of this mechanism has bron said to explain 
the depletion of the effective circulating blood volume in clinical shock (2, 3, 4). 
Differences of opinion exist as to the accuracy of intramuscular pressure changes 
as ordinarily measured. The observations of Henderson (1, 2), Gunther (3, 4) 
and Hellebrandt (5) conflict with those of Hath way and Moore (6), de Vries and 
Milwidsky (7)) and Wells el al. (8). In this study an attempt was made to eval- 
uate the reliability and significance of intramuscular pressure determination. 

Methods and proceduhe. Henderson’s method (9) embodying the modifi- 
cations suggested by Kerr and Scott (10) was first compared with the modifica- 
tion devised by Gunther (11), A needle from each apparatus was inserted into 
the posterior thigh muscles of a rabbit anesthetized with Nembutal. Similar 
comparisons were made using the human biceps. The results are given in table 1 . 

With the Gunther modification consistent results were not obtained in consecu- 
tive readings. More consistent results were obtained with the Kerr-Scott modi- 
fication of the Henderson apparatus and this was the method used during the 
remainder of the study. 

Briefly, the intramuscular pressure technic of Henderson records the force m 
millimeters that must be exerted by a water manometer to produce perceptible 
movement of the saline meniscus in a 2 mm. bore adapter attached to a no. 20 
needle, with the end plugged and with three side holes, thrust into a muscle belly. 
In all the animal experiments here reported the skin overlying the muscle was 
split to permit direct visualization of the muscle being tested. A three-way 
stopcock facilitated filling of the saline-filled adapter for repeated determinations. 
The rabbits used were anesthetized with Nembutal. 

It was found to be most important r^idly to control the position of the muscle 
and the needle inserted therein. Very slight alterations in the position of the 
needle within the muscle sharply altered intramuscular pressure readings. To 
prevent such movement appropriate means were taken to fix both the limb and 
the needle-muscle arrangement in all these experiments. Duplicate readings 
were always taken and the results recorded are the average of the readings. 

Hie effects of the following procedures on the intra,muscular pre^re were 
stucUi^ in the rabbit: a, sciatic stimulation and section; 6, occlusion of the 

I Hie author is indebted to Ors, C. C. Guthne and T. K. Kruse for much helpful ad- 
vise and atticism. 
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abdominal aorta and/ or the vena cava ; c, spinal cord section ; d, hemorrhage ; 

curarization, and /, coramine administration. In man simultaneous ob- 
servations of blood pressure were made before, during, and after surgical pro- 
cedures performed under spinal anesthesia. 

Results. Sciatic stimulation and section. After freeing the nerve, applying 
electrodes, and fixing the position of the limb and the muscle-needle arrangement, 
the nerve was stimulated with a tetanic current of graded strength for 30 seconds. 
Intramuscular pressure readings were taken during the period of stimulation. 
Typical results from one of eight such experiments together with the subsequent 
effect of nerve section are given in table 2A. Hellebrandt, Crigler and Kelso (5) 
have indicated by diagram that in frog gastrocnemius and in human biceps, that 
with an increasing st rength of stimulus there is a progressive fall in intramuscular 

TABLE 1 


Comparison of the Henderson and Gunther IMP methods 


HEADING 

HABBIT 

HUMAN 

Gunther 

Henderson 

Gunther 

Henderson 


mm. //jO 

mm. RtO 

mm. HiO 

mm. IJiO 

1 

68 

112 > 

40 

80 

2 

42 

120 

80 

84 

3 

50 

116 

32 

84 

4 

110 

108 

68 

oo 

5 

140 

116 

102 

84 


140 

108 

140 

90 

7 

70 

114 

140 

80 

8 

60 

112 

128 

86 

9 

no 

108 

140 

82 

10 

54 

120 

62 

80 


pressure. Such correlation was not obtained in these experiments. It must be 
pointed out that the motion necessarily acompanying sciatic stimulation mater- 
ially affects the intramuscular pressure readings obtained during this procedure. 

Aorta-caoal occlusion. By means of heavy silk ligatures placed about the 
abdominal aorta and vena cava and tightened and released through glass tubes 
inserted into the abdomen it was possible temporarily to occlude either of these 
vessels with the abdomen closed and without disturbing the muscle-needle rela- 
tionship. Typical results from one of four such experiments are given in table 
2B. No demonstrable effect on the intramuscular pressure w^as produced by 
occlusion of either or both of these vessels or after release of the occlusion. 

Spinal cord section. After preliminary surgical preparation so that the cord 
could be cut without disturbing the intramuscular pressure apparatus, the cord 
was severed between the first and second lumbar vertebrae. Three experiments 
did not demonstrate any significant change in intramuscular pressure. Data 
from one of these experiments are given in table 2C. 

Hemorrhage, Kiely, Hamilton and Gellhom (12) noted that hemorrhage in 
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unanesthetized, decerebrate dogs leads to a sharp rise in intramuscular pressure 
which returns to normal on reinfusion of blood. Kleinberg, Swingle and Hays 

TABLE 2 


Intramuscular pressures under various procedures, in the rabbit 

A 

Sciatic stimulation and after sciatic section 


OBSEUVATION 

TIME 

IMP 

OBSERVATION 

TIME 

IMP 


min. 

mm. HtQ 


min. 

mm. HiO 


1 

114 

Stim. coil 9 

13 

no 


2 

no 

Stim. coil 10 

15 

no 


3 

118 




Stim coil 5 

5 

180 

Cut sciatic 



Stim. coil 6 

7 

112 


17 

120 

Stim coil 7 

8 

140 


19 

no 

Stim coil 8 . . 

11 

90 


20 

102 



23 

132 





25 

122 


B 

Before, during, and after aorla-caval occulsion 


OBSERVATION 

TIME 

IMP 

OBSERVATION 

1 

TIME 

IMP 


min. 

mm. HiO 



min. 

mm. IhO 

Control 

1 

84 



40 

60 

Control 

5 

90 

Occlude vena cava 

and 

45 

76 

Occlude vena cava 

6 


50 



10 

82 

aorta 




15 

96 



55 

86 


20 

78 



60 

78 


26 

80 



80 

82 

Release vena cava 

27 


Release vena cava 

and 

85 



30 

84 

aorta 


88 

Occlude aorta 

31 




90 


35 

90 



120 

90 


C 

Before and after section of the spinal cord 


OBSERVATION 

TIME 

IMP 

OBSERVATION 

TIME 

IMP 

Control 

min. 

1 

mm. 

134 


min. 

10 

mm. if/sO 

no 

Control 

2 

140 


25 

122 

Cord cut 

5 



45 

128 


7 

128 


60 

112 


(13) also noted that hemorrhage caused a sharp rise in intramuscular pressure 
which was maintained for several hours. On the other hand, following hemor- 



INTRAMUSCULAR PRESSURE MEASUREMENTS 


491 


rhage in dogs Hath way and Moore (6) observed no change in intramuscular pres- 
sure. 

In this study six rabbits were slowly bled to death by cutting a mesenteric 
vein, without significant change in intramuscular pressure. In one of these ani- 
mals intramuscular pressures were followed for six hours and no significant change 
occurred. Data from this experiment are given in tabk* 2D. 

TABLE 2-Continned 
D 


Before, (hiring, (ind after hemorrhage and after death 


OBSERVATION 

TIME 1 

IMP 

OBSERVATION 

1 

time: I 

IMP 


min. 

mm. HiO 


min. 

mm. II 2 O 

Control 

1 

88 


40 

90 

Control 

2 ! 

94 


50 

80 

Steadily progressive 






hemorrhage . 

10 

84 

Oeat h 

60 

76 


20 1 

80 


120 

80 


30 1 

82 


240 

78 


! 



300 

72 



i 


360 

86 


E 

Before and after coramine and curare and after death 


OBSERVATION | 

TIME 

IMP 

OBSERVATION j 

TIME 

IMP 


min . 

mm. II tO 


min. 

mm. HiO 

Control 

1 

102 

Curare 0.2 cc. IV 

30 

110 




Curare 0.3 cc. IV ... . 

34 

96 

Coramine 1 cc. IV 

2 

no 

Curare 2.0 cc. IV.... 

37 


Coramine 1 cc. IV 

6 

1 100 




( ^orsmine 1 

12 

106 

Death ! 

40 

116 

Coramine 1 cc. IV I 

14 

100 


65 

106 





120 

106 

Curare 0.3 cc. IV 

I 16 

i 92 




Curare 0.3 cc. IV 

22 

106 





Coramine and CAirare. Coramine has l)een reported to intTease the intramus- 
cular pressure (Gunther, 3). This agent was administered to five rabbits with- 
out noting any significant effect on the intramuscular pressure. Curare was also 
found to be wdthout effect upon the intramuscular pressure. The data from a 
typical experiment are given in table 2E. 

Human experiment. In preliminary experiments with humans it was found 
that with voluntary contraction of muscles, and particularly those muscles having 
denser sheaths (the extensors of the wrist and knee) it was possible to raise the 
intramuscular pressure but such increases in pressure did not regularly correlate 
with the strength of contraction. As reported by Wells et al. (8) increasing the 
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venous pressure by an occluding cuff or tourniquet caused an increase in the 
intramuscular pressure in the biceps or gastrocnemius. 

Because of Gunther’s claim (4) that the intramuscular pressure was useful in 
detecting incipient shock, 14 patients* undergoing major surgical procedures had 
continuous observation of the arterial blood pressure, the venous pressure, and 
the intramuscular pressure before, during, and after the surgical procedure. No 
change was noted in the intramuscular pressure in the biceps or gastrocnemius 
after the induction of spinal anesthesia and there was no correlation during the 
surgical procedures between the intramuscular pressure and either the venous 
pressure or the arterial blood pressure. Coramine (nikethamide) which Gun- 
ther has found useful in elevating the intramuscular pressure was administered 
intravenously in 5 cc. doses to several of these patients. It was found to cause a 
sharp but short-lived increase in respiratory rate and volume, but there was no 
consistent effect upon the intramuscular pressure. 

In three adults with post-cerebral thrombosis hemiplegia of several weeks’ dura- 
tion no significant difference was obtained in the intramuscular pressure in the 
gastrocnemius of the affected and the unaffected legs. 

SUMMARY 

Intramuscular pressure determinations by the Kerr-Scott modification of the 
Henderson technic showed relatively little change in the posterior thigh muscles 
of the rabbit as a result of nerve stimulation, nerve section, arterial and venous 
occlusion, hemorrliage, spinal cord section, and after death. 

In human muscles with dense sheaths such as the extensors of the wrist and of 
the knee, voluntary contraction or local venous obstruction increased intramus- 
cular pressure. 

After spinal anesthesia no change was foimd in the intramuscular pressure in 
human gastrocnemius or biceps. In 14 surgical patients no correlation between 
the intramuscular pressure and either the venous pressure or the arterial blood 
pressure was observed. 
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A recent study of terminal electrocardiograms of experimental animals dying 
of anoxemic anoxia and in hemorrhagic shock (2) showed that cessation of normal 
sequential activity of the auricles and ventricles is brought about via one of two 
routes. In about one half of the anoxic animals the first departure from normal 
was failure of the pacemaker, often followed for a short period by A-V nodal 
rhythm and then total standstill. In the other half of the anoxic animals A-V 
conduction failure with dissociation or ventricular standstill occurred. Animals 
dying in hemorrhagic shock almost invariably showed the pacemaker failure 
pattern of termination w’hich characterized one-half of the anoxic deaths. 

The following experiments w^ere designed to study the fundamental functional 
properties of excitability, conduction, and refractoriness of mammalian heart 
muscle under varying degrees of oxygen lack from mild anoxia to the minimal 
level consistent with continued life, i.e., breathing about 5 to 7 volumes per cent 
O 2 in inspired air. It was believed that such information would provide more 
basic interpretations for the phenomena observed in heart failure. 

Preparation. Dogs were used in all experiments. They were anesthetized 
with morphine and barbital sodium. The chest was opened by a midline incision 
of the sternum. The heart was suspended in the opening by suturing the cut 
edges of the ventral incision of the pericardium to the body w^alls, forming a 
cradle. 

Artificial respiration was administered via a tracheal cannula. While the 
chest was being opened, and while the animal was receiving a normal atmosphere, 
artificial respiration was produced by the common technique of intermittently 
opening and closing a valve in the compressed air line by a small vacuum-driven 
motor (windshield wiper). 

Rehreathing apparatus. An entirely new and simple arrangement of apparatus, 
not hitherto described, was devised for the administration of artificial respiration 
while rebreathing from a respirometer, and thereby reducing the oxygen content 
of the respired air. A diagram of the apparatus is shown in figure 1. It is a 
basal metabolism machine modified to make possible its use with artificial respira- 
tion. To the original apparatus was added the tank T which encloses the 
movable bell B, The tank T is airtight except for a small leak where the thread 
passes through its top, a regulated leak valve L, and the tube R which connects 
to an intermittent pressure artificial respiration apparatus similar to the one used 

^ This inveBtigation was aided by a grant from the Ella Sachs Plotz Foundation. 
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during the preliminary operations when rebreathing is not desired. In some 
experiments the same intermittent pressure respirator was used for the prelimi- 
nary and control periods and the rebreathing period also. The respiratory tube 
which was connected to the tracheal cannula during the period prior to rebreath- 
ing was shifted to R for rebreathing. The tracheal cannula was then connected 
at A . Intermittent positive pressure within the tank T periodically inflated the 
lungs. Deflation occurred as pressure in T dissipated due to the regulated leak 
L or the side tube on the respiratory tube attached at R, The tracheal cannula 
and the tubes communicating with the interior of the bell B must be leak proof* 



Fig. 1. Diagram of simple rebreathing apparatus consisting of a Sanborn basal metab- 
olism apparatus with a motor circulator and the added tank T enclosing the oxygen bell. 
The intermittent pressure artificial respiration machine which attaches at R is not shown. 
See text for further description. 

To facilitate deflation it was found advantageous to add fifty grams to the coun- 
terweight C, somewhat overbalancing the weight of the bell. 

At the hegiPning of each experiment the bell B was filled to its maximal height 
with fresh air. The cannula was connected at A before pressure was admitted at 
R. By periodic measurements of the oxygen concentration it was possible to 
construct an approximate scale of percentages of O 2 for ready estimation by com- 
parison with the position of the stylus on the kymograph at C. In every experi- 
ment estimates from such a scale were verified from time to time by analysis of a 
gas sample. Oxygen could be added at 0 at a regulated rate to maintain any 
desired oxygen concentration . Carbon dioxide was absorbed by the soda lime 5. 

For use with dogs or cats the basal metabolism machine must be equipped with 
a motor driven circulator. With the flapper valve system neither the natural 
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respiration of the animal (with closed chest) nor the artificial respiration provides 
sufficient circulation to remove carbon dioxide and maintain a uniform mixture 
of oxygen. 

Stimulating and recording methods. An electronic discharge stimulator was 
used in experiments on excitability and on the duration of refractoriness. The 
shock was in the form of a spike, almost entirely monophasic (opposite phase 
about 5 per cent of main spike) and about 3 msec, in duration. 

The arrangements for delivering testing stimuli to the ventricle at the desired 
point in the cardiac cycle and for recording responses from local contiguous bi- 
polar leads (3) are diagrammatically illustrated in figure 2. The cam wheels A 
and B operated the keys to the inductorium which drove the heart at a controlled 
rate by stimuli applied to the right auricle at D. The S-A node had previously 



Fig. 2. Apparatus for driving the heart at a controlled rate, stimulating the ventricle 
at the desired moment in the cardiac cycle, and for recording from local leads on the ven- 
tricular surface. A and B, cam wheels to control the delivery of break shocks to the right 
auricle through driving electrodes Z>; C, cam wheel to trigger stimulator discharge to 
ventricular electrodes, L, local leads to pre-amplifier, P; 0, Du Mont 208-B Cathode 
Ray Oscillograph. G.E. Electrocardiograph not shown. 

been clamped. B operated the make-break key, and A short-circuited the make 
shocks. The cam on C operated a key to trigger the discharge of a stimulus to 
the ventricle. The timing of this testing stimulus was fully adjustable with 
respect to the driving stimulus from the break at B. This exact control of the 
timing of testing stimuli was necessary in experiments on the duration of refrac- 
toriness and of shock-spike intervals for the estimation of conduction changes in 
anoxia. In the testing of excitability it was found that comparable results were 
obtained when shocks were timed to fall late in the T-P interval and when they 
were allowed to fall at random from a self-excited oscillator at a rate two to three 
times the cardiac rate. The stimulating electrodes S were at various times 
placed upon different portions of the ventricular surface, but in the majority of 
experiments they were on the anterior surface of the left ventricle. 

Leads for recording of local electrograms are indicated by the electrodes la- 
belled L. In some experiments three or four local electrode assemblies were used 
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simultaneously. Only on© could be recorded at a time but they could quickly be 
changed by turning a selector switch. The potentials were led to the Grass pre- 
amplifier P and then to the amplifier of the Du Mont 208-B cathode ray oscillo- 
graph. The self-excited sweep apparatus of the oscillograph was not used. The 
wiring was changed to provide for horizontal deflection of the action potentials, 
and the movement of the photographic paper provided the time axis. An L-II 
electrocardiogram was recorded by a G.E. electrocardiograph simultaneously 
with the local electrogram in all experiments. 

Results. ExdtabilUy, The thresholds of ventricular muscle to electrical 
stimulation in hearts supplied with normally oxygenated blood, during progres- 



Fig. 3. Graph illustrating the changes in threshold of ventricular muscle and the changes 
in mean arterial pressure accompanying the various degrees of reduction of oxygen in 
inspired air. 

sive stages of anoxemia and during recovery from the effects of severe anoxemia, 
have been studied in careful detail with brief (3 msec.) electronic discharges. 

The pattern of excitability changes observed is graphically illustrated and 
correlated with blood pressure and oxygen concentrations in figure 3. The 
threshold changes were c, reduction in threshold voltage during moderate anoxia, 
the reduction persisting until a very sevei^e anoxic state was reached when 6, the 
threshold rose rapidly. The voltage indicated as the threshold at any point is the 
voltage which produced ventricular responses to about one-half of the test shocks. 
Each point during the control period prior to rebreathing represents the result of 
repeated readings. The variation between the strength of stimulus required to 
give an occasional response and that which produced a response upon each stimu- 
lus was about ten to fifteen per cent of the threshold value as defined. In the 
first points on the figure the threshold voltage (one response out of every two 
stimuli) was 2.46 volts. Rare responses occurred at 2.26 volts and responses were 
r^^ular at 2.67. 
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After rebreathing was started and the oxygen concentration of inspired air 
thereby gradually redii(*ed, significant threshold changes became evident at about 
1 5 per cent O 2 . As the reduction in O 2 concentration progressed the threshold fell 
rapidly and then more gradually. The minimal reading of 1.2() volts, represent- 
ing almost a 50 per cent reduction, was found at oxygen concentrations between 
9.0 and 6.4 per cent. Tkdow 0.4 per (;ent tlie threshold rose very rapidly, and 
from the results of otlier experiments it is known that the voltage threshold would 
quickly have risen to a value three or four times the original if air had not been 
given at this point to save the animal for the study of threstiolds during and after 
re(a)very from anoxia. 

During th(‘ first ten minutes of recovery the thi-eshold rose, n'aching a plateau 
at 2.78 volts. This was maintained for about six minutes, after which the 
threshold gradually returned to the original reading of 2.45 volts, reaching it al)out 
twenty minutes after air respiration was restored. 

A comparison of the (‘xcitability curve with t he nu^an blood pn'ssure curve is of 
interest. Wit h developing anoxia the blood pressure increas(Ml during the period 
of rapid decrease' of threshold. Since this heart was driveai at a constant rate of 
120 |)er minute, the increase in pressure is due to factors other than heart rate 
(sec* discussion). 

The I'ise of cardiac thn*shold in severe anoxia does not coincide with the decline 
of mc'an blood pressure, but follows it. The curves show that the beginning of 
the decline* of blood pi*(*ssur(* preceded the first rise of threshold hy about eight 
minutes, and that tlie stc'ep rise of thr(*shold began when the blood pressure had 
r(‘acli(*d al)out 50 mm. Hg on its i*ai)id d(‘scent. It- appears proba})le tliat the 
decline in blood pressure contributes to the cause* of the elevat ion of threshold and 
may precipitate its onse*t. However, the progre*ssively anoxic state of the muscle 
undoubtedly woidd ha\’e led to loss of excitability somewhat later e\’en if the 
arterial pre*ssiire had somehow bee*n maintainc'd at a high le*vel. 

Conduction. Directional and .semi-eiuantitative estimates of changes in con- 
duction rate in anoxia have been made from three kinds of data: 7, shock-spike 
intervals from local leads; P-R intervals, and 3, duration o^ QRS. 

These changes as derived in an illustrative* experiment are shown in figure 4 
and the me*asureme*nts a, re given in table* 1. The stimuli to the ventricle were 
ele*live*red on the anterior surfac'e* near the apex anel the local lead illustrated is 
fre)m a, i)lacement on the* right ve*nt rie*le 41 mm. elistant . In the control record A , 
maele during resi)irat ie)n of air with normal oxygen e*ont.ent, the shock-spike 
interval was t)5 msee*. In re*cord 7^, made during me)eierate reelue*tie)n e)f ox>'gen 
to 11,4 per e*ent in inspireel air, the she)ck-spike interval was slie)rtene*d to 60 
msec. In ree'ord C, maele in severe anoxia proeluceel by reehie*tion of oxyge*n in 
inspired air t o 6.5 per cent, the shock-spike interval was lengthened to 1 10 msec. 

Changes in P-R intervals (from auricular shock Au to the beginning e)f R) and 
in duration of QRS are similar in direction to the e*hanges described foi’ ventricu- 
lar shock-spike intervals, i.e., the durations were shortened during moderate 
anoxia and lengthened during the severe stage. In a very short time*, possibly 
one minute after record C was made, a 2l 1 heart block became e^4dent. 
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Fig. 4. Changes in shock spike intervals, P-R intervals, and duration of QRS in .1, the 
control; B, moderate anoxia; and C, severe anoxia. Au, auricular or driving stimulus; S, 
ventricular stimulus. 

Fig. 5. Measurement of the duration of refractoriness. A and B, control trials; (/, 
moderate anoxia; D, severe anoxia. The small vertical lines on the local electrograms 
(upper line in each record) and the tall sharp spikes in the T wave of the ECG’s are the 
artefacts of the testing stimuli. Time intervals 0.20 and 0.04 sec. 


TABLE 1 


Changes in shock-spike intervals, P-R intervals, and in duration of QRS daring moderate 
and severe anoxia (intervals in milliseconds) 


minutes of 

REBREATUING 

PERCENT Oj 

MEAN B.P. 

SHOCK-SPIKE 

INTERVAL 

P-R 

duration of QRS 

0 

20.9 

90 

65 

98 

37 

23 

11.4 

100 

60 

92 

34 

38 

6.5 

40 

no 

130 

54 


All of these changes in intervals may be regarded as indices to conduction 
changes in the heart, although the complexity of cardiac conduction makes im- 
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p()Ssil)lo any statement of an absolute conduction rate. The changes in duration 
of intervals agree in indicating that in moderate anoxia th(‘re is a small increase 
in the rate of conduction, while in the severe stag(^ the rat(i markedly decreases 
before total failure of c.ardiac function supervenes. 

The shock-spike int.(u-val is made up of two components, latency of response at 
the stirnidated locus and conduction. It is possible that changes in both con- 
tribute to tlie shortening of the interval in moderate' anoxia and perhaps to the 
lengthening in severe anoxia. Since the maximal shortening of shock-spike 
interval is l(\ss than 10 per cent, it is probable; that the' gi-eatest acea'leration of 
conelue*tie)n is semiewhat less. The amount of shorte*ning of the P-lt interval and 
e)f duration of (^IIS are less than 10 per ceuit also. 

The' le'ngthening of all intervTils in the se've're stage is fai* greater in magnitude 
than the she)rte'ning in the moelerate stage'. Maximal ine*rease's e)f 75 to 100 per- 
cent oe‘e*ur bedore 2:1 A-^" block or dissex*iatie)n e)ccur. 

The notch on the falling limb of the R wave e)f the hXXl (fig. 4) is worthy of 
mention as it also changes witli the; e*e)nelue;t ie)n e*hanges described. Such notches 
are seen ephte e)ften in electre)carelie)grams maele with the chest e)pen and the 
v^entral surfae*e of the heart exposexl to the air. The notching logically is as- 
sumed to be' elue te) the loss from the hX'G of potentials prodiu'ed by the)se por- 
tions e)f the' venti'icular muscle whie'h are' no le)nge'r in ceaitact with t issues, dliis 
incluele's a large frae*tion of the surfae*e* muse*le' whie*h loceive's tic excitatory im- 
pulse at a time wliie*h is inte'rmediate bet we'en the early and late portie)ns (3). It 
include's mue*h of the' e'arly responeling muscle also, but a notch often results, 
neverthe'less. in mode'rate ane)xia eluring the pe'rioel of ace*el('rated ce)neluction 
the ne)tch beconu's narrowe'i’ anel le'ss obvie)Us, but in severe anoxia with sloweel 
coneluction the potential e'ornpone'iits be'e*e)me' separate;d so far that they appear 
as two distinct It spikes. 

Duration of rcfracloritiess. In importing me'asurements e)f refract oi’iness it is of 
value to de'scril)e* the stimuli useel since the' apparent duration of the absolute 
re'frae'tory })erioel will \Tiry with the eluratiem anel ve)ltage of the testing stimuli. 
A monophasic stimulating potential applie'el te) lieart muse*le' stores a charge in 
the; tissues (polarizes the tissues) abe)ut the e'l('e*tre)ele contacts. This charge 
(h'e'ays alemg an expe)nential curve' (5). With stre)ng D.C. stimuli of 12 to 15 
msec, duration the ediarge is of sufficient magnitude' anel ele'cays with suffie*ient 
slowness te) evoke a respe)nse; at any t irne during an api)T’e'ciable period (maximum 
e)f more than 100 rnsee*. possi})ly) l)efe)re the elecay eairve asymptotically ap- 
proaedies zero. The length of the' perie)el during whie'h an excitation ce)ulel re'sult 
is a function of the voltage' of the applied me)ne)phasic stimulus and unele)ubt edly 
of its eluration also. A strong D.C. stimulus wliiedi is applied during the latter 
part e)f systole while the tissue is incapable e)f r('spe)nse can therefore cause the 
tissue te) responel again as soon as re'fractoriness has passeel . Recoreis sliowing the 
results of such stimuli applieel during syste)le have demonstrated that responses 
e*an occur after a delay or long latency. Rece)rels using the stimulating electrodes 
as leaels te) the rece)rding galvanometer have shown that this was a true delay e)f 
response, and not te) be attributed to sle)w conduction (5). In measui-ing the 
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been minimized, or standardize , y ^ , j j ^ diastole in the normally 

period, e ccept for the limitation below 

"^In measuring the duration of f which would 
R „f the ECG .nd the moment ot nntm.l impute 

evoke a premature systole was ^ absolute refractoriness in the 

tenvoWed, this does not m« the d„«t on 

X'^hTnirlrmSInthesee^n^^^^^ 

The upper electrogram in ea,ch |he lower electro- 

corded from local leads 1cm. from 

iivn,.^ Ttenjn .he „e- 

Srfte — d “ntcr.™.rE, .» the pn^^lin* on. until respond, no 
longer occurred. ^ rj, and the sharp tall 

,Z SlSr simulmneon. mteincts p.odnced hy the 

interval in control trials, i oKnut half of the shocks were 

justment of the apparatus unti ^ ^ • g R-shock interval is 

nKt^inod 5B shows a response in the control series, xuv. 

Thisistakenasthedurationofthere^^^^^^^ 

Measurements at two stages of oxygen e control. In 

In each case the exploratory approac ^ pgj.i(,(j (responses to half 

5C, made at the 10 per cent oxygen level, the refractory J ace 

of kocks) was found to average 202 msec, ^here m “o s.gimc^^^ ^ ^ 

between this and the 199 average of J*®” d pressure falling, the 

per cent 0. level when the heart was plated and the blood P* ^^^^^ments 

refractory period was found to have sh f„j. than ±5 msec. In severe 

indicate that spontaneous variations are n g hy about 35 

anoxia this experiment shows a Showed no 

msec. Two other experiments yielded similar resu t ^ „„asured because of 
shortening, but records at the most severe s age w ount of shortening 

distortions in the ECG. Two experiments showed a small amo 
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(12 to 16 msec.) in moderate anoxia and a greater amount (about 30 msec.) 
during the severe stages. No explanation for the inconsistent results in the 
moderately anoxic stages can be given. 

Discussion. All of the observations upon excitability, conduction, and dura- 
tion of refractoriness in moderate anoxia are in agreement in indicating that the 
functional capacity of the heart muscle is not impaired. On the contrary, the 
enhancement of excitability and slight increase in rate of conduction may be inter- 
preted as compensatory improvements. This view is strengthened by the finding 
previously well known that the blood pressure usually is elevated above the 
control even when the heart rate is held constant. Other evidences of compen- 
satory reactions of the heart and circulatory system in moderate anoxia have 
been reviewed and discussed by Wiggers (8), citing especially the observations of 
Sands and DeGraff (6), and of Strughold (7). In addition to the increase in 
cardiac rate when not experimentally controlled, there is increased velocity of 
ejection. A reflex increase in vasomotor tone (1) contributes to the rise in ar- 
terial pressure. 

The enhancement of excitability of cardiac muscle may be due in part to the 
effect of oxygen lack upon the muscle itself and in part to sympathetic excitation. 
Our experiments do not differentiate between the intrinsic and extrinsic possi- 
bilities. Ijehmann (4) has shown that excised mammalian nerves subjected to 
total anoxia exhibit lowered thresholds during the first six to eight minutes, after 
w'hich the threshold rises and excitability disappears. It is irnpi obable that the 
pro(;ess of excital)ility differs in fundamental nature in tlie different excitable 
tissues. Therefore, if one assumes the liberty of applying observations on nerve 
to excitability changes in cardiac muscle we can conclude that all or part of the 
lowering of thresliold in anoxic dog hearts is an intrinsic change. 

The increase in rate of conduction and the abl)reviation of systole are changes 
that arc known to result from sympathetic stimulation and injected adrenalin 
(9). Since there is strong indirect evidemaj that sympathetic excitation of the 
heart occurs in anoxia (6), the acceleration of conduction and the shortening of 
refractoriness observed in this study could have been due to s^mipathetic impulses 
and secreted epinephrine. Lehmann’s paper reported that excised nerves con- 
duct more rapidly in moderate anoxia. Therefore, the sympathetic factors and 
anoxic changes within tlie muscle both may have contributed to the observed 
phenomena. 

Severe anoxia (below 8 per cent) is very dangerous. The danger resides largely 
in the fact that in anoxia there is no recognized simple sign that cardiac failure is 
imminent though it may be only a few minutes away. The arterial blood pres- 
sure which is so often used as an indicator of the condition of animals and patients 
can be of little help unless the readings are continuous. Circulatory collapse may 
come with great rapidity in anoxia. Even with the chest open, the heart under 
direct observation and the blood pressure manometer always in the range of 
vision, we often were unable to anticipate the onset of rapid functional deteriora- 
tion with sufficient accuracy to allow ourselves the three or four minutes required 
to record a full set of records from four or five local leads. At the end of our 
attempts to complete a set of records during this crisis stage, we found upon a 
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number of occasions that revival was no longer possible even after changing the 
respiration to normal air and applying cardiac massage. The difficult revivals 
were in trials in which the change back to air was delayed until the mean blood 
pressure had fallen to a level below 30 mm. Hg. In these cases the hearts re- 
mained markedly dilated for some time and contracted feebly. In some of these 
attempted revivals the hearts grew feebler and stopped. In others they gradu- 
ally gained force and appeared normal after 20 to 30 minutes though the blood 
pressure seldom regained the control reading. If the switch to air was made 
while the mean blood pressure was as high as 40 mm., recovery was prompt 
though the pressure sometimes was established at a new level somewhat lower 
than the original control. 

From such observations one gains the impression that the heart uses its anero- 
bic sources of energy to practically complete exhaustion by the time the rapid 
fall in blood pressure reaches the 30 mm. level. Recovery is hindered or pre- 
vented by the lack of perfusion of the heart adequate to restore its chemical 
energy sources. 

Previous studies have shown that hearts which fail due to overall anoxia cease 
their effective pumping by reason of either pacemaker stoppage or cessation of 
A-V conduction (2). By the time that these changes become manifest, weakness 
of contraction is evident also. The heart is soft to the touch and empties itself 
to only a small degree. No objective recording of muscular tension was made in 
our experiments, but in the optical arterial pressure curves of Sands and DeGraff 
(6) the rapid decline in mean pressure is accompanied by a great reduction in pulse 
pressure. With a constant heart rate and reduced aortic size (assuming un- 
changed elasticity), this may be regarded as evidence of a reduced systolic dis- 
charge. Therefore it appears that diminution of contractility accompanies the 
slowing of conduction, rise of threshold and pacemaker stoppage which character- 
ize cardiac failure in severe anoxia. 

Neither ectopic ventricular systoles nor ventricular fibrillation occurred in any 
of the thirty dogs used in this series of experiments. Although the excitability 
of the heart muscle to electric stimuli was increased considerably during moderate 
anoxia, the increase, evidently, was not sufficient to produce ectopic discharges. 
The rise of threshold during the terminal period would seem to reduce the proba- 
bility of ectopic systoles. 

The abbreviation of the refractory period would, if of sufficient extent, make 
possible re-entrant coiaduction and the establishment of fibrillation. However, 
the refractory period was not reduced to a duration of less than about 160 msec, 
while the heart retained sufficient excitability for tests to be made. It has been 
found in studies upon the initiation of fibrillation that a reduction to about 80 
msec, together with a considerable slowing of the conduction rate is required for 
the establishment of ventricular fibrillation in the heart of the dog (5). 

SUMMARY 

Methods for the production of a slowly developed and accurately controlled 
anoxia and for testing the excitability, conduction changes, and the duration of 
refractoriness are described. 
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During moderate anoxia the excitability of the dogs’ ventricles to brief shocks 
delivered at a constant moment in diastole was found to be increased (threshold 
lowered). In some experiments the maximal change in threshold was near fifty 
per cent. In severe anoxia after the blood pressure curve entered its steep de~ 
dine the threshold rose rapidly reaching levels two or three times the control 
within a brief period. 

Changes in conduction rate were indicated by changes in the duration of vari- 
ous intervals which include conduction time. Stimulus-response intervals (from 
local leads), P-R intervals and the QRS of the electrocardiogram all were short- 
ened somewhat during moderate anoxia. All were lengthened rapidly and mark- 
edly when the “crisis” was approached in severe anoxia. 

The duration of refractoriness was shortened in severe anoxia by about 30 
msec, or fifteen per cent. In some experiments a smaller degree of shortening 
was recorded at moderately anoxic levels. 

No ventricular ectopic systoles were observed or recorded in this series of ex- 
periments. This together with the smallness of the reduction in the refractory 
period account for the absence of ventricular fibrillations in anoxemic anoxia. 

Because of the suddenness of the collapse in severe anoxia in many experiments 
and the lack of specific signs warning of imminent cardiac failure, it is regarded 
as very dangerous. 
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While definite limitations to the utility of the circulation time exist, this 
procedure has nevertheless served a useful purpose as a simple laboratory 
adjunct in evaluating the state of the circulation (1). One of the deficiencies 
inherent in most methods of circulation time determinations is the subjective 
character of the end point. This has been recognized and a large variety of 
agents yielding objective end points have been recommended. Some^ like radi- 
um-C (2), diodrast (3), fluorescein (4, 5), methylene blue (6), radioactive sodium 
(7) and thorium-X (8), have the handicap of requiring special equipment for 
their use. Otfiers, like histamine (9), sodium cyanide (10, 11), lobeline, (12, 13), 
papaverine (14) and aminophylline (15) are found to be not entirely satisfactory 
either because of the unusually long circulation time values obtained, or because 
the end point is not distinct, or because the test substance tends to be toxic. For 
these reasons objective methods have not been widely employed and reliance 
has continued to be placed on the subjective methods. 

Our recent studies in the dog with acetylcholine^ indicate that it provides an 
excellent agent for the objective measurement of circulation time, the end point 
being denoted by the temporary depression of the sinus node or A-V junction. 
The end point employed was the slowing of the heart rate as revealed electro- 
cardiographically in the anesthetized dog or in the blood pressure record in the 
unanesthetized dog. In this study an attempt was made to obtain the value of 
the circulation time in the unanesthetized dog and, in the anesthetized dog, to 
localize the site of the objective end point. 

The Circulation Time in the Unanesthelizei Dog. Methods. Twenty-two 
normal unanesthetized dogs weighing 9 to 16 kgm. were employed. These were 
fasted for 20 or more hours prior to the determinations. With the animals 
lying in the right recumbent position, acetylcholine chloride in doses of 1 to 25 
mgm. (0.02 to 0.5 cc. of a 5 per cent solution) was rapidly injected into the foreleg 
vein via a 20 gauge needle connected to a tuberculin syringe. Because of the 
small volume the 4nje(jtion occupied only a fraction of a second. Care was 
taken to permit only a minimum quantity of blood to enter the syringe since 
blood cholinesterase rapidly destroys acetylcholine. The blood pressure was 

1 Aided by the A. D. Nast Fund for Cardiovascular Research. The department is sup- 
ported in part by the Michael Reese Research Foundation. 

2 Herbert G. Mayer Fellow. 

® Dazian Fellow, now in Mexico City, Mexico. 

^We are indebted to Dr. M. J. Schiffrin omoffmann-LaRoche Co. for the generous 
supply of acetylcholine used in these experiments. 
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Fig. 1. Blood pressure recorded with Hamilton manometer in unanesthetized dog show- 
ing the effect of injection of 2.6 mgm. of acetylcholine into the foreleg vein. Ordinates 
show the calibration in millimeters of mercury. Abscissae indicate time in seconds. Arrow 
indicates time of onset of injection. The circulation time is 6 seconds (from arrow to 
perpendicular dropiXMl to time line). The period of complete asystole is 2 seconds. 



unanesthetized dog following injection into the forelimb vein. All | second values were 


converted to the subsequent whole number for the sake of clarity. 


doses were employed but in later tests this was reduced since it was found that 
the smaller doses gave equally effective results. 

liesults. Figure 2 summarizes the distribution of the circulation time. The 
mean obtained was 6.7 seconds and the distribution curve is fairly symmetrical. 
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The range of values found was 4 to 9§ seconds. The duration of the asystole 
lasted from 1 to 6 seconds, and the cardiac slowing somewhat longer. The 
maximum depression of blood pressure occurred in 10 to 14 seconds and the 
pressure drop lasted 41 to 340 seconds. No serious reactions were obtained. 
Fleeting side effects such as salivation, urination and slight to moderate excite- 
ment occurred in 5 animals. Frequently a respiratory gasp or grunt appeared 
simultaneously with or immediately following the onset of asystole. This was 
generally followed by a tachypnea of a few seconds’ duration. 

The Site of the End Point. Methods. Seven dogs weighing from 9 to 15 kgm. 
were anesthetized with pentobarbital sodium (25 mgm./kgm.) The chest was 
opened and artificial ^I’espiration instituted. Acetylcholine was injected as in 
the previous experiments, using 2.5 mgm. (0.05 cc. of a 5 per cent solution). 



Fig. 3. AcetylchoHue circulation time recorded eiectrocardiographically (lead 2) in the 
anesthetized open-chested dog. The first arrow denotes the time of injection in thejsupe- 
rior vena cava of 2.5 mgm. of acetylcholine. The second arrow indicates the end point, 
at which the regular auricular response is expected but fails to appear. (Sometimes the 
end point is taken where an expected ventricular response fails to appear.) In this in- 
stance the circulation time is 8.5 seconds. A brief period of complete A-V block is noted 
immediately after the slowing of the auricles. This is followed by a partial A-V block. 
The slowing of the sinus node persists until the end of the record. The duration of ventric- 
ular asystole is 1.6 seconds. 


A continuous electrocardiogram was taken (lead 2) to record the circulation time 
(fig. 3). The time of injection was indicated on the record by a simultaneous 
depression of the lead marker. The circulation time was measured from the 
onset of injection to the point when an expected auricular or ventricailar response 
failed to occur on time. The injections were made into the superior vena cava, 
right ventricular cavity, main pulmonary artery, left ventricular cavity (near 
the apex), root of the aorta — in the region of the sinuses of Valsalva, the aorta — 2 
or 3 cm. above its origin, high in the ascending aort^a, the transverse arch of the 
aorta, the descending thoracic aorta, the common carotid arteries, and the 
myocardium of the right and left ventricles. Bilateral vagotomy was later 
performed in four of the animals, following which injections were repeated in the 
superior vena cava, main pulmonary artery and root of the aorta. In 2 animals 
a loose cotton ligature was placed about the right coronary artery, 1 to 2 cm. 
from its origin, following which acetylcholine was rapidly injected into the main 
pulmonary artery, and the ligature drawn taut to occlude completely the coro- 
nary vessel. In all, over 160 injections were made in this series of experiments. 
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Memdt9: The pertinent data are summarized in table 1. It was found that 
injections high in the ascending aorta, in the transverse arch, in the descending 
thoracic aorta and in the carotid arteries yielded no end points. Injections 2 or 
3 cm. above the root of the aorta resulted in a more prolonged circulation time 
than injections made in the region of the sinuses of Valsalva. This suggested 
that the acetylcholine traveled via the coronary arteries to the sinus node and 
A-V junction. Generally, these structures are supplied through rami of the 
right coronary artery (17). Accordingly, in several experiments the right 
coronary artery was occluded immediately following the injection of acetylcholine 
into the main pulmonary artery. No end point occurred following this coronary 
occlusion initially, supporting the hypothesis. However, when this maneuver 
was repeated after a period of several minutes following occlusion of the right 
coronary artery, an end point again occurred, suggesting the opening of anas- 

TABLE 1 


Circulation time values t2 («ec.) obtained in the anesthetized open-chested dog by injection 
into various components of the vascular bed traversed 


ANIMAL 

SUP. VENA CAVA 

ET. VENT. 

MAIN PULM. AST. 

LEFT VENT. (aPEX) 

SOOT OP AOSTA 

2-3 CM. ABOVE 
SOOT OP AOSTA 


Min. 

Max. 

Av. 

Min. 

Max. 

Av. 

M4n. 

Max. 

Av. 

Min. 

Max. 

Av. 

Min. 

Max. 

Av. 

Min. 

Max. 

Av. 

1 

5.6 

7.5 

6.4 




5.1 

6.0 

5.7 




1.4 

2.1 

1.7 




2 

7.4 

12.5 

9.9 




5.7 

8.8 

7.5 







3.0 

CO 

CD 

4.3 

3 

6.4 

8.4 

7.1 




3.0 

5.4 

3.9 




1.2 

1.6 

1 1.4 




4 

7.2 

7.7 

7.5 




6.7 

8.6 

7.6 







2.7 

2.7 

2.7 

6 

8.0 

11.8 

9.6 




5.7 

6.4 

6.0 







2.5 

2.8 

2.6 

6 

5,4 

7.3 

6.7 



4.4 

3.8 

4.2 

4.0 

2.1 

2.2 

2.1 

0.8 

1.4 

1.1 

1.9 

3.7 

3.1 

7 

5.6 

8.1 

6.5 

6.4 

CO 

6.8 

4.5 

6.0 

5.0 

1.4 

2.4 

1.7 

1.4 

1.9 

1.6 




Average* . . . 

6.7 



6.0 



5.2 



1.8 



1.3 



3.4 


* Average of total trials performed, 
t To first dropped beat (see text for discussion). 


tomatic channels between the right and left coronary arteries. Injection directly 
into the myocardium of the right and left ventricles produced no end point. 

Sometimes the standstill affected only the ventricles. Usually, however, 
auricular standstill occurred. Cardiac standstill generally persisted from 1 to 7 
seconds. Auricular fibrillation following acetylcholine was not infrequent and 
was paroxysmal in character. In the presence of auricular fibrillation the circu- 
lation time was found to be definitely greater than with sinus rhythm, inclicating 
that auricular fibrillation per se prolonged circulation time. In 1 animal the 
circulation time from the superior vena cava averaged 9.6 seconds during the 
sinus rhythm, while during auricular fibrillation it averaged 11.2 seconds. 
Similar observations have been made in man (18). 

Frequently in the anesthetized open-chest animal as in the unanesthetized 
one evidence of respiratory stimulation w^as manifest. This occurred within 2 
to 6 seconds following the injection of acetylcholine. Section of the vagi abol- 
i^ed these heaving respiratory efforts. 
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It is to be noted from table 1 that approximately 50 per cent of the circulation 
time represents passage of acetylcholine through the large cross-sectional area of 
the pulmonary bed. It is evident that the time occupied by acetylcholine in 
this passage from a systemic vein to the specialized tissue in the heart would 
partition in a similar order. 

Discussion. Acetylcholine appears to offer a clear end point for the objective 
d^ermination of circulation time. There is need for such an objective method. 
Thus it has been shown (19) that smoking, old age and previous strong stimula- 
tion of the taste buds may lead to excessive prolongation of circulation time or 
failure to obtain an end point in those methods dependent upon taste or heat 
perception. 

The small volume of acetylcholine offers certain advantages. The duration 
of injection and the volume of agent injected have been demonstrated to exert 
considerable influence on the length of the circulation time. Thus Loevenhart 
et al. (10) found that sodium cyanide in dogs and rabbits gave a prolonged circu- 
lation time when the injection period exceeded 1 second. Ruskin and Rockwell 

TABLE 2 


Comparison of values for circulation time obtained in the dog with acetylcholine, 
sodium cyanide and fluorescein 


AGENT 

VASCULAR CIRCUIT 

CIRCULATION TIME (SEC.) 

Min. 

Max. 

Av. 

A^^fttylcholinfi 

Foreleg to S-A or A-V nodes 

4.0 

9.5 

6.7 

Sodium cyanide 
Loevenhart et al. (10) . . 

Ext. jugular vein to carotid sinus 

5.4 

13.8 

8.7 

Olsen et al. (20) 

Femoral vein to carotid sinus 

6 

15 

9-13 

Fluorescein (5) 

Femoral vein to conjunctiva 

9 

16 

12.6 


(19) obtained shortened thiamine circulation time when they increased the 
volume of the thiamine solution despite constancy of dosage. This false low 
value was attributed to the propulsion factor due to injection under pressure 
through a wide bore needle. The low figures obtained with diodrast may there- 
fore be, in large part, artefact rather than an accurate measure of the circulation 
time. The small volume and the short period of injection (a fraction of a second) 
in the acetylcholine method avoids these errors. 

Another advantage of the acetylcholine method is its simplicity. The ace- 
tylcholine method can be performed electrocardiographically, or by cardiac 
auscultation or pulse palpation, using the first prolonged beat as the end point. 
Preliminary data in man suggest the possibility that the appearance of a cough 
may also be employed as an end point since it is almost simultaneous with, and a 
frequent accompaniment of, the cardiac slowing. The electrocardiographic 
technique is considered preferable since the measurement can be checked and 
the data filed for investigative purposes. 

In table 2 a comparison is made of thiS circulation times obtained with ace- 
tylcholine and those reported in the dog with sodium cyanide (20) and fluorescein 
(5). It is evident that acetylcholine yields a distinctly shorter circulation time 
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and shows less variation. It would appear that acetylcholine is sup)erior to most 
methods applicable to animals because of its simplicity, accuracy and the con- 
sistent and unequivocal nature of the end point. 

It must be emphasized that inasmuch as acetylcholine is very rapidly de- 
stroyed by blood cholinesterase, only the minimum quantity of blood necessary 
to establish venepuncture be drawn into the syringe and that injection be made 
promptly upon entering the vein. This susceptibility to blood cholinesterase 
tends to eliminate the hazards of the drug since it is unlikely that an appreciable 
period of asystole could develop. Depression of the P-Q segment and a change 
in P wave contour after acetylcholine injection sometimes preceded the slowing 
of the heart used as an end point. However, these P-Q and P wave changes were 
inconstant compared to the change in rate and therefore not suitable for circula- 
tion time measurements. 


SUMMARY 

Circulation time studies with acetylcholine were performed in 22 unanesthe- 
tized normal dogs and 7 anesthetized open-chest animals. The end point was 
the transitory inhibition of the sinus node or, occasionally, the A-V junctional 
tissue. In the unanesthetized dog, records were obtained with the modified 
Hamilton manometer in order to observe simultaneous blood pressure responses. 
Circulation time from foreleg to sinus node or A-V junction was found to range 
- from 4.0 to 9.5 seconds, averaging 6.7 seconds. In the anesthetized animal the 
vascular bed was fractionated by injection of the agent into its various compo- 
nents and recording the events electrocardiographically. The average circula- 
tion time (to the first dropped beat) from the superior vena cava was 6.7 seconds, 
from the right ventricle 6.0 seconds, from the main pulmonary artery 5.2, from 
the left ventricle 1.8, from the root of the aorta 1.3, and when injection w'as made 
2 to 3 cm. above the sinuses of Valsalva the average interval w'as 3.4 seconds. 
Injection high in the ascending aorta, transverse aorta or in the carotid arteries 
yielded no (‘ardiac end point. Injection into the main pulmonary artery fol- 
lowed by immediate ligation of the right coronary artery likewise resulted in no 
end point on the initial trials, indicating that the agent operated by a direct 
effect upon the sinus node. 

The figures obtained by this method are smaller than those obtained with other 
procedures, for reasons presented in the discussion, and indicate that a more 
objective and accurate measure of the circulation time is secured with ace- 
tylcholine. 

It is felt that, owing to its simplicity and greater objectivity, the acetyl- 
choline method may be superior to other available procedures. 

We are indebted to Dr. L. N. Katz for his valuable advice and criticisms in 
the conduct of this studv. 
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In this paper the results of experiments designed to test the effects of long-time 
caloric restriction upon the reproductive capacity and life-span of female A- 
strain mice are reported. Studies on the effects of pure caloric restriction over 
long periods of time are difficult to perform and the results require cautious 
interpretation. The observations here reported appear to indicate that female 
A-strain mice maintained for 240 days on diets containing amounts oi protein, 
vitamins and minerals calculated to be identical with their litter mate controls, 
but restricted in carbohydrate and fat so that their calorie consumption was 
reduced to about two-thirds of the controls, were relatively infertile during that 
period. Upon institution of ad libitum feeding these animals promptly became 
fertile, and remained so for several months, at a time when the full-fed controls 
were practically sterile, presumably due to senescence. The average life span 
,of female mice maintained throughout life on the calorie-rest rid ed regimen was 
markedly greater than that of the animals fed ad libitum. 

The fact that general and specific diet deficiencies cause suppression of re- 
productive functions is well kno\vTi. Papanicolau and Stockard (1920) showed 
that underfeeding for short periods caused a reversible inhibition of estrus in 
rats. Evans and Bishop (1922) found that partial inanition or deficiency in 
vitamin B complex in rats causes a cessation of the estrous cycle. Coward and 
Morgan (1941) showed that deficiency in thiamine alone produced this effect in 
rats. However, Drill and Burrill (1944) showed that the anorexia associated 
with thiamine lack could account for the results on the basis of reduced total food 
intake. White and Andervont (1943) observed that in the mouse a low-cystine 
diet produced anestrus. White and White (1944) noted a similar response tg 
lysine deficiency. 

The effects on female mice of the CsH strain of caloric deficiency, in the pres- 
ence of protein, vitamin and mineral intake approximately equal to normal 
controls, were studied by Ball, Huseby and Visscher (1943) and Huseby, Ball 
and Visscher (1945). It was found that such restriction caused a decrease in 
the frequency of estrous cycles, an infantile uterus and vagina and a failure of 
mammary gland gro^\iih. These changes were found to be associated with the 
presence of ovaries containing large numbers of follicles in all stages of develop- 

1 Aided by the Sivertsen Foundation and the Graduate School of the University of 
Minnesota. 

* Present address, Northwestern University, Chicago, Illinois. 

* Present address, Sharp and Dohme, Glenolden, Pennsylvania. 
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ment. The general picture resembled that found after hypophysectomy and 
suggested that the changes in the ovary might be secondary to an anterior 
pituitary effect, and that the end organ alterations might therefore be in whole 
or in part a third order effect of calorie underfeeding. White et al. (1944) also 
found estrus-inhibition to result from caloric restriction. 

The effects of partial inanition and calorie-underfeeding of rats upon longevity 
have been studied by McCay and his co-workers (1935, 1939a, b, 1943), Will 
and McCay (1943) and Riesen, Herbst, Walker and Elvehjem (1947). Studies 
on mice were reported by Visscher, Ball, Barnes and Sivertsen (1942). In 
general it has been found that animals on the lower calorie intakes outlived their 
litter mate controls. However, numerous factors enter into the results. They 
will be discussed later. 

Experimental procedure. One hundred and forty-four A strain female 
mice were separated at weaning into two equal groups, one of which was placed 
on the calorie-restricted diet, and the other consisting of their litter mate sisters 

TABLE 1 


Composition of the diets 


COMPONENT 

CONTROL DIET, GKAM/100 

RESTRICTED DIET, GRAM/100 


33.0 

22.0 


28.0 

37.4 


17.0 

12.3 

Yc&st 

8.0 

10.6 

Alfalfa leaf 

4.0 

5.4 

Sfllt rnixt.iire* 

7.0 

9.3 

Ood liver oil 

2.0 

2.0 

ireriTi oil 

1.0 

1.0 





* CaCOs— 543, Mg CO 3 — 25, Mg SO.— 16, NaCl— 69, KCl— 112, KHjPO.— 212, FePO. 


21, Kl— 0.08. 

was fed the control diet ad libitum.. The diet compositions for the two groups 
are shown in table 1. These two diets are so constructed that when the con- 
sumption of the restricted diet is held at three-lourths of that of the control, 
the calorie intake is reduced approximately one-third, while the intakes of 
protein, vdtamins and minerals for the two are identical. Ihe actual average 
food intake of the two groups of mice over the first 120 days of life is shown m 
figure 1. It will be seen that the experimental design was not perfect in that 
the food intake of the controls during the period 20 to (50 days was more than 
the anticipated four-thirds of the restricted. For the next sixty days the average 
oljserved values approached those planned. The intake of the restricted group 
was held at 1.51 grams per day throughout the remainder of the experiment. 
The food consumption of the controls was measured by weighing the food cups 
at each filling. The food offered the experimental group was measured daily 
for each mouse, using a series of hollowed-out brass molds, cut to hold the desired 
quantity by weight of the food mixture. Repeated calibration showed that ac- 
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curacy to zfc 5 per cent can be obtained by this method. Food was compounded 
at two week intervals. The non-spill feed cups employed were 2 inch oint- 
mmt tins with tops which had a circular hole just large enough to admit the 
head of an adult mouse. All mice were individually housed in small galvanized 
iron wire cages with solid tops and bottoms, cleaned and sterilized weekly. 
Tap water was continuously available. The animals were kept in an air-con- 
ditioned room at a temperature of 78 ± 4®F and relative humidity of 45 zb 10 
per cent saturation. Body weights were recorded daily. When the restricted 
females were approximately four months of age they were mated daily by placing 
males of known virility in their cages after the female had consumed her daily 
ration of food, and left together overnight. The male was removed before the 
next feeding. Thus no complication in food intake was introduced. When a 
restricted female became pregnant her litter mate control was mated. In this 
way the number of pregnancies in the two groups was kept the same. All 
litters were removed at birth. 



Aqeindoys 

Fig. 1. Food intake of control and calorie-restricted A strain mice. 

At 240 days twenty-six of the calorie-restricted mice selected at random from 
the total living at that time were fed the control diet ad libitum. They were 
again exposed to potent males and as they became pregnant their litter mates 
in the original control group were also mated. The decline in fertility in the 
full-fed animals at this point in the life span made it impossible to maintain 
equal numbers of pregnancies from this time forward. 

At death each animal was dissected grossly and tumors were studied by micro- 
scopic section. 

Results. The weight records of the mice treated as indicated above are 
shown in figure 2. It is to be noted that the average body weights of calorie- 
restricted animals fluctuated around 17 grams during the period after 60 days, 
while the ad libitum controls showed a rising curve, broken at 260 days by an 
unfortunate epidemic of a generally non-fataB respiratory infection, reaching 28 
grams at 340 days. The weight response of the calorie-restricted animals to 

* See the mortality data below to verify this assertion. . 
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subsequent full feeding at 240 days was dramatic. Within 40 days these mice 
attained the same body weight as their litter mates who had received the control 
diet ad libitum since weaning. 

Figure 3 shov^ a part of the results of the studies on fertility of A strain 
females in relation to caloric restriction. Several striking facts are evident. 
Although every normal control of the 20 tested was fertile up to 240 days, after 
that period only 20 per cent, or 4 of 20 mated, were capable of becoming pregnant 
on repeated tests. In the calorie-restricted group 31.3 per cent of the 64 mated 
daily became pregnant at least once in the early months, while only 12.5 per 
cent of 32 tested were fertile later. However, within two weeks of the beginning 
of ad libitum feeding after 240 days of caloric restriction every female of 26 so 
treated became pregnant. 



Aqe in ddys 


Fig. 2. Average body weights of full-fed control, calorie-restricted, and restricted- 
ref ed A strain mice. 

The differences are much more striking when the total number of pregnancies 
t)btainable is taken into account. If one divides the total number of pregnancies 
in a given group of mice by the number of mice and by the number of months, one 
obtains a fertility index, representing the average number of pregnancies per 
mouse per month. Taking the period from 243 to 374 days tor the restricted, 
the restricted-subsequently full fed, and the fully fed control groups, the values 
are 0.04, 0.65 and 0.05 respectively. The index for the. period 115 to 241 days 
in the restricted group is 0.08. The original data from w'^hich theses figures are 
calculated are shown in table 2. 

It can be said therefore that on the diets employed in the study A strain 
females restricted approximately one-third in calories for 240 days and sub- 
sequently fed ad libitum j had 13 times asr inany litters m the next 4 months as 
did their control litter mates fed ad libitum from weaning. 



CALORIC RESTRICTION, FERTILITY AND LONGEVITY 


515 


The data concerning life span are shown in figure 4. It is evident that under 
the conditions of this experiment calorie-restricted mice tended to outlive their 
litter-mate sisters. Caloric restriction to 240 days of age with subsequent full 
feeding was associated with a slight, but not definitely significant, increase in 
life span. It should be noted that all cancer deaths are eliminated from the 
data in figure 4, by removing such animals from each series. The cancer in- 
cidence in the several groups is shown in table 3. It will be noted that there 
was a zero incidence of cancer in the life-time calorie-restricted group. The 
relatively low cancer incidence in the fully fed breeders is believed to have been 



A^c in months 

Fig. 3. Percentage of A strain mice becoming pregnant at least once at various ages in 
relation to dietary treatment. 

the result of the fact that the mice bore on the average only slightly more than 
one litter apiece. It may be noted that the average cancer age is higher in the 
restricted-refed animals than in the control breeders. 

The effects which have been described are believed to have been brought about 
by caloric restriction. Two points require notice in this regard. One is the 
fact mentioned earlier, that the restricted animals were fed, during part of their 
life spans, amounts of protein, vitamins and minerals somewhat less than their 
fully fed controls received. The amount fed the experimentals was fixed on the 
huBia of observations of mean food intake of normal A strain females in a pre- 
liminary group of studies. 
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However, the restricted animals received amounts of protein, vitamins and 
minerals entirely adequate for normal growth and function in the presence of 
adequate calories. Therefore the results are unquestionably a result of caloric 
restriction. It is uncertain, however, whether the same degree of caloric restric- 
tion with a higher absolute protein intake might not yield a quantitatively 
different result. It is possible that with more protein it would require greater 

TABLE 2 


Breeding history in relation to caloric restriction 



AGE IN DAYS 

PEEGNANT AT 
USAST ONCE 

115-190 

191-241 

243-.U4 





% 

Calorie-restricted 




39.1 

No. mated 

64 

57 

32 


No. pregnant once 

20 

1 

4 


No. pregnant twice 

0 

1 

1 


No. pregnant 3 times 

0 

0 

0 


Restricted and refed 




KK).0 

No. mated after refeeding 

— 

— 

26 


No. pregnant once 

— 


26 


No. pregnant twice 

— 

— 

20 


No. pregnant 3 times 

— 

— 

17 


No. pregnant 4 times 

— 

-- 

10 


No. pregnant 5 times 

— 

— 

1 


Controls I* 




100.0 

No. mated 

20 

1 



No. pregnant once 

20 

“ 

— 


No. pregnant twice 


1 



Controls Ilf 




20.0 

No. mated 


_ 

20 


No. pregnant once 

— 

__ 

4 


No. pregnant twice 

— 

— 

0 



* Bred only after each litter mate in calorie-restricted group had become pregnant. 

t Bred only after each litter mate in restricted and refed group had become pregnant. 

— Indicates that animals were not bred for a particular period. 

0 Indicates no litters after total number had been mated repeatedly with males of known 
virility. 

caloric restriction to produce the degree of infertility seen in the underfed mice 
in this study. 

The second point to be noted is that whenever the non-protein calories are 
insufficient to meet the basal and activity energy requirements, protein itself 
will be burned lor fuel. In this connection it should be mentioned that the 
calorie-restricted mice in these experiments were obviously more active than 
their controls. No quantitative activity measurements were made but the 
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restricted animals spent so much more time climbing up and down their cage 
walls and doors than did the controls that any observer could identify the group 
of animals on restriction simply by noting which were more active in this regard. 
Thus caloric restriction may aggravate the tendency to burn protein for fuel. 
When calorie intake is lowered to the point that this occurs it is no longer mean- 
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O 

Fig. 4. Mortality data on A strain mice in relation to dietary treatment, 

TABLE 3 


Mamfnary cancer incidence on control and calorie-restricted diets 



NUMBER 

OF MICE 

NUMBER 

OF TUMORS 

PER CENT 
TUMORS 

AVERAGE 
TUMOR AGE 





months 

Control. 





Breeders 

21 

4 

19 

11.1 

Virgins 

51 

2 

4 

16.6 

Restricted 

Breeders* 

21 

0 

0 

— 

Virginsf 

43 

— 

— 

— 

Restricted-refed 





Breeders 

26 

5 

19 

15.7 

Virginsf 

0 

— 

— 



* Mice becoming pregnant one or more times. 

t Mice exposed repeatedly to males of known potency but did not become pregnant. 
{ All mice in the restricted-ref ed group became pregnant. 


ingful to speak of simple caloric restriction because there is also an amino acid 
deficiency for processes of growth and repair. This problem poses a dilemma 
which cannot be resolved on the basis of the facts at hand. For the time being 
therefore the simple descriptive facts must be accepted and the interpretation 
in more fundamental terms must be left for future investigation. 

The dietary caloric restriction employed in these studies produced a state of 
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near-sterility in the mice. The fertility index of 0.08 between the ages of 116 
and 141 days is about ten per cent of the usual value found at the same age in 
fully-fed A strain females in this colony. No figure for the latter quantity is 
available in this study because of the design of the experiment. The prompt 
increase in fertility index to 0.65 upon full-feeding indicates that the caloric 
restriction served essentially to delay the occurrence of sexual maturity, without 
diminishing the capacity for maturation, to any large degree at least. There is 
no evidence in these observations that the 8 month old calorie-restricted mouse 
is much different in reproductive capacity from a pre-puberal full-fed animal. 
These observations give indication that caloric restriction simply retards sexual 
maturation rather than leading to an abnormal state. 

However, the fact that the survival rate of the animals was definitely dimin- 
ished by full-feeding after 8 months of restriction indicates that such treatment 
did not prevent early senescence from occurring. If the mortality data from 
eight months onward are considered it will be seen that 50 per cent of the sur- 
viving controls died in 125 days. Half of the surviving calorie-restricted mice 
died in 200 days, while half of the restricted re-^ed animals died in 140 days. 
Furthermore the striking longevity of a few of the life-duration calorie restricted 
group did not appear in either of the other groups. It would appear that ad 
libitum feeding in this experiment was incompatible with long survival in aged 
mice. The question of whether early restriction appreciably lengthened the 
life span in females subsequently full-fed cannot be answered by the results of 
this experiment. The slight effect, noted above, may be due to random varia- 
tion; on the other hand, it may be a real effect. Furthermore it must be recalled 
that this group bore on the average 3 litters apiece, while the controls bore an 
average of only 1 litter apiece. Since litter-bearing itself reduces the life ex- 
pectancy, according to Murray (1936), the slight prolongation seen here may be 
an indication that virgins so treated might show a greater effect on longevity. 
No experimental test of this question has been made in this study. 

Aiter this study was underway it was evident that autopsies after death would 
not permit significant statements as to cause of death except from malignant 
tumors. All animals dying with mammary carcinoma are eliminated from 
statistical consideration because it is known from the studies of Visscher, Ball, 
Barnes and Sivertsen (1942), Tannenbaum (1942), and others, that caloric 
restriction greatly lowers breast cancer incidence. No other tumors were noted 
with sufficient frequency to permit an evaluation of the effects of the experi- 
mental procedures upon their incidence. All of the statements made above refer 
to deaths due to causes other than mammary carcinoma. The most important 
question, namely, what types of pathological process associated with senescence 
were delayed in appearance by calorie underfeeding, remains for further study. 

SUMMARY 

L Calorie underfed female mice of the A strain show a fertility index of 0.08 
litter per mouse per month during the period to 8 months of age, and 0.04 there- 
aft^: 
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2. When previously underfed females are allowed food ad libitum at 8 months 
of age their fertility index rises to 0.65 litter per mouse per month, which ap- 
proximates the normal for young full-fed females. 

3. It is concluded that maturation with respect to reproductive capacity is 
retarded or postponed when low calorie feeding is imposed through a large 
fraction of the average normal life-span. The calorie underfeeding* did not 
prevent subsequent maturation and normal gestation at an age when full-fed 
littermate sisters had become nearly sterile from senility, showing a fertility 
index of only 0.05 litter per mouse per month. 

4. In the experiments reported, 25 per cent of A strain female mice subjected 
to life-time caloric restriction were alive at an age when all of their full-fed 
littermate sisters had died. 

5. Considering the survival beyond 240 days in these experiments, the 50 per 
cent mortality times for the life-time calorie-restricted group, the 8 month 
restricted, subsequently full-fed group, and the full-fed controls were 200, 140 
and 125 days respectively. Some factors influencing the significance of these 
observations have been discussed. 

6. The caloric restriction employed in these studies retarded sexual maturation 
but did not prevent its occurrence upon subsequent full-feeding, and was asso- 
ciated with a tendency toward a longer life-span. 

7. Caloric restriction for 240 days, with subsequent full -feeding, did not 
prevent a significant incidence of mammary carcinoma althougli it increased 
the average cancer age above that in comparable non-virgin, fully fed controls. 
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Studies dealing with the substitution of one inorganic element for another 
in physiological processes have not been extensive. Most such experiments 
have dealt with either the interrelationships of the alkaline earth metals or 
substitutions of single elements in enzyme systems. An example of the former 
line of approach is the observation that rubidium and cesium may partially 
replace potassium in the diet of the growing rat (1, 2). Morphological studies 
have further indicated tlmt myocardial and renal necroses, which are so charac- 
teristic of potassium deficiency in animals, may be mcxlified when either ru- 
bidium or cesium is added to a potassium-deficient regimen. Of particular 
interest, therefore, is a report (4) which indicates that boron may have a bene- 
ficial effect on rats fed a diet of low potassium content; for this reason the fol- 
lowing morphological observations have been carried out. 

Methods. The basal potassium-deficient diet consisted of casein (Labco), 
18; lard, 10; sucrose, 67.8; salts (5), 4 and choline, 0.2. Fifteen drops of viosterol 
were added to each kilogram of diet. Crystalline vitamins^ were administered 
orally three times weekly, each animal receiving the following amounts per week: 
thiamine chloride, 0.2 mgm.; riboflavin, 0.28 mgm.; calcium pantothenate, 1.0 
mgm.; pyridoxine, 0.2 mgm.; inositol, 0.1 gram; and para-aminobenzoic acid, 
0.5 gram. Alpha tocopherol, 1.0 mgm. per animal, was given weekly. 

Albino rats weighing 40 to 50 grams were used and were divided into the 
following groups: Potassium^defident, basal diet alone, 9 rats; 'potassium-deficient 
boron added, basal diet plus 1.0 per cent borax (Na2B407), 15 rats; potassium 
control, basal diet plus 0.85 per cent potassium chloride, 3 rats; potassium control 
boron added, basal diet plus 0.85 per cent potassium chloride plus 1.0 per cent 
borax, 6 animals. 

The animals were placed in screen-bottomed cages. Food and water were 
furnished ad libitum. Microscopic studies were made of at least two blocks 
of heart muscle and one of the entire kidney in each animal. 

Results. A. Potassium-deficient group. These animals on the basal diet 
(less than 0.01 per cent potassium) grew poorly and all were dead by the fourth 
week. The average gain was 1.5 gram in the first week and 4.5 during the second 
week. All showed necrotic foci in the myocardium and changes in the tubular 
epithelium of the kidneys similar to those we have described elsewhere (6). 

* Present address: Johns Hopkins Hospital, Baltimore 5, Maryland. 

* Furnished through the courtesy of Dr, D. F. Robertson, Merck and Company . 
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B. Potassium-deficient boron added group. The rats on the basal diet with 
, lidded boron (0.22 per cent) grew just as poorly as did those of the above series; 
'ihere was no prolongation of survival time. The average gain in weight was 1.8 
gram for the first week and 4.2 grams during the second week. All showed 
lesions in the myocardium as well as characteristic renal involvement. When 
sections of heart and kidney from animals in this and the preceding group were 
compared, no differences were apparent. 

C. Potassium added group. Those animals receiving the basal diet supple- 
mented with 0.44 per cent potassium grew well, gaining 12 grams the first week 
and 14 grams the second. When sacrificed the hearts and kidneys were entirely 
normal. 

D. Potassium added boron added group. The 6 rats in this group which re- 
ceived 0.44 per cent potassium and 0.22 per cent boron all grew well and in a 
comparable manner to the above rats. When killed the hearts and kidneys 
showed no lesions. 

Discussion. Ah is well known, boron is an indispensable element for the 
growth of certain plants (7). In contrast, when the rdle of this element in 
animal nutrition was pointedly studied, no evidence for its indispensability 
could be found (8^10). The observations, reported by Skinner and McHargue 
(4) in rats, on the addition of boron to a potassium-deficient diet are of great 
interest. This experiment was prompted by studies which had been carried 
out in plants (11) in which potassium deficiency was shown to affecc the absorp- 
tion of boron from synthetic media. Skinner and McHargue (4) are careful 
to make the point that their experiments provide no evidence for any close inter- 
relationship between boron and potassium in the animal body, the inference 
being that the effects which they found: increased survival time and greater 
concentration of hepatic glycogen and body in fat in the boron supplemented 
rats, are the correction of a boron deficiency. 

The morphological observations cited above do not provide any evidence 
for an interrelation between boron and potassium. Lesions characteristic of 
potassium deficiency develop as readily in the heart and kidney whether or not 
boron is added to the diet. Nor were we able to provide any evidence that the 
growth rate or survival times of our potassium-deficient animals are at all af- 
fected by boron supplements. The discrepancies between the two series of 
experiments may be explained by differences in the potassium and boron contents 
of the diet; the former being lower in the present experiments, while the latter 
was about twice as high. 


SUMMARY 

Morphological studies have been carried out on the heart and kidneys of rats 
placed on low potassium diets, supplemented with boron. The lesions which 
occurred in such animals were no different from those encountered in uncom- 
plicated potassium deficiency. Boron supplements have no appreciable effect 
on growth or survival time under the conditions of this experiment. 
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These studies on kidney function in the rabbit were undertaken witii the two- 
fold objective of first, establishing such control conditions that this animal could 
be made available for routine experiments designed to test the effects of various 
chemical and physical agents on renal activity, and secondly, examining some of 
the factors which might contribute to alterations in glomerular activity. 

Marked alterations in glomerular activity are regularly encountered in cold- 
blooded animals (1-3). Among mammals the seal exhibits considerable vari- 
ability of glomerular function with augmentation induced by protein feeding 
(4), and diminution by asphyxia (5). In the dog the glomerular filtration rate 
is less labile but varies from day to day with dietary intake of protein and the 
state of hydration of the animal. Marked changes immediately follow the intra- 
venous infusion of glycin (6). In man there is remarkable constancy in the rate 
of glomerular filtration even when alterations in renal plasma flow are induced as 
with pyrogens and adrenalin (7). However, reduction of glomerular filtration 
rate is acheived with the sustained upright position which presumably elicits a 
neurogenic vasoconstriction of the afferent arterioles (8). 

In the rabbit it has been shown by Kaplan and Smith (9) that creatinine and 
inulin clearances, which measure the glomerular filtration rate in this animal, 
increase with increasing urine flows and fail to reach maximal values. Similarly 
Mayrs and Watt (10) showed that renal blood flow measured directly, and 
glomerular filtration rate calculated from sulfate clearances, were subject to 
great variations. Recently Dicker and Heller demonstrated that in the rabbit, 
unlike the rat, inulin clearances increased with increases in urine flow (11). 
On the other hand. Walker, Schmidt, Elsom and Johnson concluded after measur- 
ing renal blood flows in the rabbit by stromuhr that, although the blood flow 
varied, there was no correlation between urine flow and the renal blood flow or 
creatinine clearance (12). White concluded, on the basis of observations made 
following renal perfusion of a carbon suspension, that deprivation of food and 

^ Supported in part by a grant from the Penrose Fund of the American Philosophical 
Society, v 
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water did not close glomeruli and that, except possibly in extreme conditions, 
all the glomeruli in the rabbit were open all the time (13). W. W. Smith failed 
to find a correlation between urine volume and filtration rate but showed that 
when the renal blood flow, calculated as the diodrast clearance, increased follow- 
ing administration of mannitol by intravenous infusion there was a concomitant 
increase in filtration rate as measured by the inulin clearance (14). 

Methods. In these experiments rates of glomerular filtration were measured 
as creatinine clearances (8), renal plasma flows as p-aminohippurate or diodrast 
clearances (14-16), and variations in the number of functioning glomeruli as 
the amount of glucose reabsorbed by the tubules under such plasma loads of the 
sugar as were sufficient to saturate the tubular glucose reabsorptive mechanism 
(8, 17). Methods used for the precipitation of plasma proteins and for the 
chemical determination of diodrast and p-aminohippurate were the same as 
those used by Smith et al. (16). Creatinine was determined by a photoelectric 
modification of the alkaline picrate method (18), and glucose by the modification 
of Folin’s method described by Shannon, Farber and Troast (17). 

In the 46 experiments reported in this paper 368 clearance periods were 
measured on 41 different male rabbits which ranged in weight from 2.2 to 4 
kgm. While the rabbits were in the laboratory they were maintained simply on 
water and a single complete feed especially prepared for rabbits (Allied Mills, 
Inc.). Twenty-four to forty-eight hours before an experiment was begun hydra- 
tion was achieved by withdrawing dry food and allowing the animals to eat all 
the greens (cabbage usually) which they would take. During the experiment 
they were restrained in a supine position on an animal board. The male rabbits 
were catheterized with a lubricated no. 18 or 20 soft rubber 2-holed catheter. 
It was inserted until the tip projected about 2 inches beyond the pelvic girdle. 
The bladder was then allowed to contract against the tip which automatically 
adjusted its insertion until it no longer caused tension of the bladder wall. The 
rabbit’s bladder has sufficient tone to contract down until it snugly wraps the 
tip of the catheter in such manner that no appreciable amount of urine pools in 
the bladder. This was repeatedly checked by rinsing the bladder with measured 
quantities of water and by directly observing the bladder when the body cavity 
was opened. This proved important because it usually obviated the necessity 
of washing the bladder after each urine collection. A hole was put in that part 
of the catheter which projected outside the animal. This allowed the urine to 
drain readily from it and decreased the dead space in catheter, bladder, ureter 
and kidney to about 2 ml. The catheter was not tied in place during the ex- 
periment. After it had been automatically adjusted by contraction of the 
bladder wall, it characteristically adhered to the tissues of the urinary passage 
sufficiently to withstand the animal’s struggling without being expelled. While 
the t^hnique of catheterization was being developed occasionally the catheter 
would unavoidably enter the large seminal vesicles instead of the bladder. This 
pijoyed troublesome but rarely occurred after experience with the technique 
was acquired. Rabbits kept on a diet of dry food characteristically had very 
concentr&d urine with considerable cream-colored precipitates, even though 
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water for drinking was freely accessible. After 24 hours on a diet of greens, 
however, the urine was dilute, free of precipitates, and almost colorless. 

Blood samples were taken from either the marginal ear vein or the central 
ear artery on the side not being infused. The ear was customarily heated to 
dilate the vessels and a 5 ml. blood sample was obtained by syringe. Heparin 
was used as an anticoagulant and blood was immediately centrifuged following 
withdrawal. Two milliliters of plasma were used for the chemical determina- 
tions, a 15:1 dilution being obtained in the process of precipitating proteins with 
the cadmium technique. Hematocrits were determined by centrifugation and 
specific gravity of plasma by the copper sulfate method (19). 

Constant intravenous infusions were given into the marginal ear vein via a 
mercury gravity pump. Mercury in a 250 ml. leveling bulb or separatory funnel 
dropped adjustable distances through rubber tubing tipped by a fine capillary 
into a 250 ml. side arm suction flask which contained the infusion fluid. The 
capillary tip was made from glass capillary tubing which was drawn out and fused 
until it delivered about 0.5 ml. of mercury per minute under a convenient head 
of pressure. Tips of this sort were made which steadily delivered as little as 
0.1 ml. per minute. Transparent plastic tubing led away from the side arm of 
the suction flask to the infusion needle. Inserted in the system several inches 
beyond the needle was a length of two inches of good gum rubber tubing which 
would not leak after being repeatedly punctured in the process of administering 
the priming solution. A no. 19 medium bevel hypodermic needle one-half inch 
long was used for the intravenous infusion, and was made to fit into the tubing 
by sawing and filing until its attachment was reduced to an appropriate size to 
fit without leaking. To start delivery of the infusion fluid a clamp on the vertical 
rubber tubing between the side arm flask and the leveling bulb was removed. 
This allowed the mercury to run through the calibrated glass capillary tip dis- 
placing infusion fluid which in turn was forced out through the side arm. Trans- 
parent tubing was helpful here to detect air bubbles which might enter the venous 
system. With the infusion fluid flomng through the needle it was inserted into 
the marginal ear vein and secured with a paper clip. Tubing of small diameter 
permitted considerable movement of the animaPs head without disturbing the 
needle within the vein. The tube ran through a warm water bath of such tem- 
perature that the fluid was delivered into the vein at about the body temperature 
of the rabbit. 

The object of infusion was to introduce creatinine, p-aminohippurate and 
glucose into the circulating system at the same rate these compounds were being 
excreted so that their concentrations in the plasma would rem£((in relatively con- 
stant during the experiment. They were originally introduced into the circula- 
tory system in a priming injection that attained the desired plasma level of each 
compound. Regulating the rate of delivery and concentration of the infusion 
fluid served to maintain these plasma levels. The priming injections were ad- 
ministered by syringe needle through the gum rubber insert in the infusion de- 
livery tube. A typical control rabbit (R^) which weighed 2.9 kgm., and whose 
kidneys weighed 14.5 grams, was infused at the rate of 0.6 ml. per minute with a 
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solution containing 10 grams of mannitol, 3.2 ml. of a 20 per cent solution of 
Na p-aminohippurate, 3 grams of creatinine, and 40 grams of glucose made up to 
a volume of 300 ml. with Ringer’s solution. The priming injection consisted of 
1 gram of mannitol, 0.1 ml. of 20 per cent Na p-aminohippurate solution, 250 
mgm. of creatinine, and 2.5 grams of glucose. The first blood collection was 
taken one hour later and its plasma concentrations were as follows: 1.68 mgm. per 
cent of p-aminohippurate, 30.5 mgm. per cent of creatinine and 955 m^. per 
cent of glucose. The blood collections were taken from the ear artery during the 
experiment. Over a period of 3.5 hours the p-aminohippurate plasma concen- 
tration rose from 1.68 to 1.70 mgm. per cent, creatinine from 30.5 to 37.2 m^. 
per cent and glucose fell from 955 to 793 mgm. per cent. The urine flows varied 
between 1.2 and 0.74 ml. per minute. 

An important factor in assuring accuracy with renal clearance determinations 
is to maintain the urine flows high enough that a reliable measurement of their 
volume can be made. Infusion with saline solution was not enough to maintain 
adequate urine flows in the rabbit. Hydration by administration of water by 
stomach tube resulted in elevating the rates of glomerular filtration and renal 
plnamn flow SO that Steady control values could not be attained. Hydration was 
achieved by placing the animals on a cabbage and lettuce diet for 24 or more hours 
before the' experiment began. The rabbits ate large quantities of these greens 
and a state of hydration was achieved which was not accompanied by fluctuating 
glomerular filtration rates or renal plasma flows. Another important factor in 
maintaining high urine flows during the experiment was the inclusion of the os- 
motic diuretic mannitol in both the infusion fluid and the priming 

Urine was collected and measured directly in a small graduated clyinder. All 
samples were diluted to 2 ml. per minute to obviate difficulties in chemical de- 
termination due to fluctuations in rates of tubular water reabsorption. A 2 
ml. sample of this was subsequently diluted 125:1 in a volumetric flask. Two 
milliliter aliquots of this diluted urine were used for the determination of the 
glucose concentration, 10 ml. for the creatinine, and 2 ml. for the p-aminohip- 
purate determination. Ten milliliter aliquots of the diluted pksma filtrate vvere 
used for the p-aminohippurate determination, 5 ml. for creatinine and 2 ml. ot 
a 90:1 dilution for the glucose determination. 

Results. A. Basal values and the absence of any effect of the animal’s posiUm 
during the experiment on systemic blood pressure or renal function values. Rabbits 
restrained in a supine position on an animal board for as long as 5 hours main- 
tained constant blood pressure and renal clearance values. To test the possi- 
bility that different values might be obtained with the animal in some position 
other than supine, renal blood flow and glomerular filtration rates were measured 
and blood pressure determined with the rabbits maintained in prone and in 
sitting positions as well. Such experiments disclosed that no alteration of these 
factors was obtained with changing positions. o o + a 

Control rabbits in these experiments had body weights ranging from 2.2 to 4 
kgm. and kidney weights from 14.5 to 24 grams. Kidney and body weights ffid 
not bear a close relation to one another, and also there was not a close correlation 
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between either of these and renal clearance values. Hence, in these experiments 
the infusion rate and the concentrations of creatinine, glucose, and p-amino- 
hippurate in the infusion fluid and priming solution were administered without 
variation from animal to animal despite differences in body weight. In figure 
1 is represented the renal clearance values characteristically obtained in a 
control animal. This experiment (R54) was outlined in detail under methods”. 
No significant shifts in renal plasma flow or glomerular filtration rates were ob* 
tained in over 3 hours. 



Fig. 1. Control. An experiment showing characteristic control values for the renal 
plasma flow, the glomerular filtration rate, the filtration fraction and the urine 'flow in 
ml. /min. inarabbit which weighed 2.9 kgm. and whose kidneys weighed 14.5 grams. These 
values remainedconstant for the three hours during the experiment while the rabbit 
was rest rained in a supine position on an animal board. 

Fig. 2. Water diuresis. This rabbit responded to the administration of 150 ml. of 
warm water with a three-fold increase in urine flow which was accompanied by concomi- 
tant increases in the renal plasma flow and the glomerular filtration rate. Renal plasma 
flow, glomerular filtration rates and urine flows arc expressed in terms of milliliters jier 
minute. 


In several experiments the effects of altering the rate of infusion were studied 
by augmenting the usual infusion flow with an equivalent amount of Ringer’s 
solution. Doubling the rate of infusion in this manner had no effect on the 
creatinine and p-aminohippurate clearances. 

B. Recruitment of glomerular activity induced by the administration of water 
by stomach tube. Rabbits kept in the laboratory on a diet of dry food maintain 
very low urine flows even though free access to drinking water is provided. In 
the course of these renal clearance determinations it was soon found that infusing 
Ringer’s solution intravenously did not ensure urine flows sufficiently high to be 
measured accurately. Diuresis was attempted by administering tepid water 
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by Stomach tube. This was found to be generally effective m increasing urine 
flows but was accompanied by such corresponding increases in the creatinine ^d 
p-aminohippurate clearances that it was impossible to obtain steady control 
values for eiiperiments designed to test factors which might alter renal activity. 

Figure 2 illustrates the effect of the administration of water by mouth on t e 
renal plasma flow and filtration rate. The urine flow increased from 0.3 ml. per 
minute to over 1.0 ml. per minute following the administration of 150 ml. of water 
to this rabbit which weighed 3 kgm. This was accompanied by an increase m 
the renal plasma flow from the average control value of 70 ml. per minute to 
104, while the glomerular filtration rate rose from 14.3 ml. per minute to 20.2. 
The filtration fraction remained unchanged. 

To test whether this increase in glomerular activity was due to previous y 
non-functioning glomeruli becoming active under the effects of this increased 
water load, the rate of tubular reabsorption of glucose was calculated with the 
glucose plasma level raised sufficiently high to ensure saturation of the tubular 
glucose reabsorptive mechanism. In figure 3 the glucose Tm is shown to parallel 
the increase in renal plasma flow and glomerular filtration rate. In this animal 
which weighed 2.2 kgm. the administration of 110 ml. of warm water by stomach 
tube was foUowed by an increase in the glucose Tm from 37 mgm. per minute to 
64 while the renal plasma flow increased from 34.6 ml. per minute to 63 and the 
glomerular filtration rate rose from 1 1 .9 ml. per minute to 21 .4. This increase m 
the amount of glucose reabsorbed by the tubules would not parallel increases in 
the rate of glomerular filtration unless glomeruli previously inactive began 
actively filtering after the administration of water. The renal plasina flow, 
the filtration rate and the glucose Tm (number of functioning glomerali) were 
found invariably to increase foUowing diuresis obtained by administering water 
by stomach tube. Diuresis, however, did not invariably follow the administra- 
tion of water in this manner. The mechanism underlying this increase m glo- 
merular activity following the administration of water is obscure. Hematocri s 
and the specific gravity of blood were routinely measured but no regular relation 
between the degree of hemodilution and alterations in glomerular activity was 


C. Diuresis vdthout recruitment of glomerular activity following the intravenous 
administration of mannitol and theophylline. Although mcreases in urine ow 
were accompanied by corresponding changes in renal blood flow and glomerular 
filtration rate when the diuresis was induced by administering water by stomac 
tube, variations in urine flow could be obtained in the absence of alterations in 
glomerular activity. Mannitol and theophylline administered intravenously 
were both effective agents in increasing urine flow by diminishing the rate of 


tubular water reabsorption. 

Mannitol was found to be a very dependable agent in promoting high urine 
flows and was regularly incorporated in the infusion fluid for this purpose. In 
rabbit R52 represented in figure 3, after two control penods an additional 1.5 
grams of mannitol was dissolved in several milHliters of Ringer’s solution ^d in- 
jected intravenously. This was followed by a doubling of the urine flow without a 
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corresponding change in either filtration rate or renal plasma flow. In a similar 
experiment the urine flow rose from 0.14 to 0.64 ml. per minute following the 
injection of mannitol while the glomerular filtration rate actually was depressed 
from 46.2 to 37.6 ml. per minute, and the glucose Tm fell from 33.4 to 25.6 mgm. 
per minute. There can be no doubt that this diuretic effect of mannitol was 
simply due to alterations in the tubular reabsorption of water. 



Fig, 3 Fig. 4 

Fig. 3. Mannitol diuresin and water diuresis. Tliis experiment demonstrates that 
diuresis can be achieved without accomi)anying alterations in glomerular activity. 
Mannitol injected intravenously merely affected tubular water reabsorption and markedly 
increased the urine flow without producing concomitant alterations in renal plasma flow 
or glomerular filtration rate. On the other hand, the administration of 110 ml. of water 
by stomach tube later in the experiment resulted in increased glomerular activity along 
with an augmented urine flow. 

Fig. 4. Theophylline diuresis. The xanthine diuretic, th€H)phylline, effectively increases 
urine flow by its action in simply blocking tubular reabsorptioii of water. Diuresis is 
achieved while the renal plasma flow, the glomerular filtration rate and the number of 
functioning glomeruli are unaffected following its intravenous injection. Renal plasma 
flow, glomerular filtration rates and urine Hows are expressed intermsof ml. /min. 

Theophylline administered intravenously in the rabbit had an effect similar to 
that of mannitol. In figure 4 the urine flow can be seen to rise from 0.6 to 1.65 
ml. per minute without a concomitant change in either the glomerular filtration 
rate or the renal plasma flow following the injection of 3 ml. of a saturated solu- 
tion of theophylline. Also, in control clearance periods the random variations 
in urine flow were characteristically independent of simultaneous alterations in 
the rates of glomerular filtration or renal plasma flows. Hence, though altera- 
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tions in glomerular activity accompany diuresis following the admim8tra,tion of 
water by stomach tube, variations in urine flow can also, under other conditions, 
be induced simply by alterations in the rates of tubular water reabsorption 
without any corresponding changes in renal plasma flows or glomerular filtration 

D. Reduction of glomerular activity following the administration of eth^. The 
lability of the afferent circulation previously demonstrated by the actoinistration 
of water was further shown by the reduction in glomerular activity following the 
inhalation of ether. In six rabbits examined ether inhalation invanably resulted 
in a diminution of the renal plasma flow, the glomerular filtration rate, the glucose 
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Fig. 5 

Fig 5. Ether anesthesia. The relative lability of glomerular activity in 
demonstrated by the effectiveness of ether inhalation in reduc.ng rerml plasma flo«, glom- 
erular filtration rate and number of functioning glomeruli (glucose Tm) 

Fig. 6. Sodium pentobarbital anesthesia. This experiment demonstrates ‘^he s^a 
of anesthesia per se does not result in a depression of glomerular activity. Renal plas 
irgloreX filtration rates and urine flows are expressed in terms ol ml./min. 

Tm and the urine flow. These reductions in renal function wei^ obtained with- 
out'significant changes in systemic blood pressure. Illustrated m ^ ^ 

typicJ experiment in which, after 3 control periods ether was administered by 
iSalatioh cone for 12 minutes. Despite marked reduction in 
and filtration rate the return to normal values was rapid- ‘ ^ 

with the inhalation cone removed the animal was still f 
abolish the corneal and limb reflexes. These results, together with th 
tions on sodium pentobarbital effects, indicate that this reduction m ^omeiular 
!Sy is not a feature of the state of anesthesia per se, but ra^er is ^;Jt of 
neurogenic reflex afferent arteriolar vasocpnstnction induced by the administra- 
tion of this irritant anesthetic agent. 
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E Anesthesia withoiU reduction of glomerular activity following the administra- 
tion of sodium vdntoharbiM. Sodium pentobarbital was administered m anes- 
thetic doses to 3 rabbits without affecting the renal hemodynamic values in any 
way. In figure 6 an experiment is represented in which 72 mgm. of sodium 
pentobarbital was injected intravenously. Despite the increased urine flow 
following the administration of the anesthetic there was no concomitant change 
in renal plasma flow or glomerular filtration rate. The diuretic effect elicited 
in this experiment was not obtained in the others. These experiments demon- 
strate that the rabbit can be deeply anesthetized without inducing any changes 


in glomerular activity. . 

Discussion. The outstanding feature of renal function in the rabbit is the 

relative lability of glomerular activity. Marked increases in renal blood flow 
and glomerular filtration rates can be obtained following the administration ot 
water by mouth and diminutions can be observed following the administration 
of ether by inhalation. Alterations in the number of functioning glomerub 
accompany these changes. This is demonstrated by the corresponding fluctua- 
tions in the amount of glucose reabsorbed by the tubules when the plasma glucose 
concentration is sufficiently high to ensure saturation of those tubules being 
perfused by the filtrates of actively functioning glomeruli. These obseiwations 
complement those of Kaplan and Smith (8) who noted that the inulin clearance 
of rabbits rose with increases in urine flow, and those of Dicker and Heller (10) 
who further noted that alterations in the rate of tubular excretion of diodone a so 
accompanied these rises. While these fluctuations in glomerular activity are not 
characteristically a feature of renal activity in man, the rabbit is not distinctive 
in this respect even among mammals. Pitts (6) has suggested t a is van 
ability of glomerular function, also noted in the seal and dog, is perhaps an ad- 
justment to needs precipitated by periodic gorging of food and water in these 
animals in contrast to those eating and drinking practices of the ancestors of 
man which might have characteristically been more frequent and regular. 

The behavior of the rabbit in response to ether inhalation differs from that 
observed in the dog (Craig, Visscher and Houck, 20) in that the former responds 
more sensitively by showing marked reductions in renal blood flow and filtration 
rate with light anesthesia, whereas no such depression of renal function is elicited 
in the dog unless the animal is placed under deep anesthesia. In both the rabbi 
and the dog the renal changes are attributed to neurogenic constriction of the 
afferent arterioles of the kidney. The absence of an effect of sodium pento- 
barbital anesthesia on renal function noted here was similarly observed by 

Corcoran and Page (21). , , . n . - u v. 

However, despite the fact that urine flows in the rabbit fluctuate when changes 

are induced in the rate of glomerular filtration, under basal conditions the filtra- 
tion rate and renal plasma flow remain constant for long penods oj **“6. 
alterations in urine flow then are simply the result of alterations m the rates of 
tubular water reabsorption. This rdle of the renal tubules in regulating the rate 
of water elimination in the rabbit can be dramatically demonstrated by the intra- 
venous administration of the diuretic agents, mannitol and theophylline. 
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When the method of treatment outUned in this paper is followed the rabbit 
constitutes an excellent animal for renal clearance studies. Even the untrained 
animal can be restrained for hours and yet maintain uniform blood pressure and 
renal function values. Rabbits can be kept in good condition in the laboratory 
for long periods of time on a single complete feed, and they can be adequately 
hydrated in preparation for renal clearance studies simply by feeding greens for 
a 24 hour period prior to the experiment. Failure to take into account lability 
of glomerular activity, especially as it is affected by water administration, has 
prevented the rabbit from being widely adopted for renal function studies. 
However, with adequate provisions made to ensure steady control values this 
animal, because of the ease of handling and because it can be used untrained, 
is well suited for routine instructional and research studies in kidney physiology. 

SUMMARY 

Marked alterations in the rate of glomerular filtration, the renal plasma flow, 
and the number of functioning glomeruli were readily produced in the rabbit. 
Increases in these values followed the administration of water by stomach tube 
and decreases accompanied the administration of ether by inhalation. 

Under basal conditions, however, the glomerular filtration rate, the renal 
plasma flow and the number of functioning glomeruli remained constant for long 
periods of time. Random variations in urine flow under control conditions were 
simply the result of alterations in the rates of water reabsorption by the renal 
tubules. Similarly diuresis following the intravenous administration of mannitol 
and theophylline was acheived by reduction of tubular water reabsorption 
without alterations in glomerular activity. r 

Deep anesthesia was induced by the intravenous administration of sodium 
pentobarbital without the occurrence of concomitant changes in blood pressure 
or renal function values. 

The uniformity of renal blood flow and glomerular filtration rates which were 
characteristically maintained under control conditions for long periods of time 
even in the untrained rabbit recommends the use of this animal for instructional 
and research studies in kidney physiology . 
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This study was undertaken to examine responses made by the renal circulation 
to increases in systemic blood pressure in unanesthetized aniinals. The kidneys 
were denervated and the adrenal glands demedullated to avoid such nervous or 
hormonal effects as might be reflexly induced by the procedure employed m 
neurogenically obtaining pressure increases via severing the depressor nerves 
and clamping the carotid arteries. Interest in this problem stems not only from 
the general importance of an understanding of basic pressure-flow relationships, 
but also from the attention directed to alterations in renal blood flow as an ex- 
planation of the possible role of the kidney in the genesis of hypertensive disease. 

It has been repeatedly shown that the most characteristic feature of the rena 
circulation is the constancy of renal blood flow which is maintained despite ex- 
tensive variations in blood pressure. This was demonstrated in a classic ex- 
periment by Burton-Opitz and Lucas in 1911 (1). Renal blood flow was measured 
by stromuhr on the renal vein in dogs narcotized with chloroform or ethei, and 
rises in arterial blood pressure were obtained by central excitation of the vagi. 
Characteristically no change in blood flow was detected despite pronounced rises 
in arterial blood pressure. This led them tp conclude that the renal blood vessels 
tonically retain the normal size of the bloodbed. After renal denervation, in 
this preparation, the accommodation in increased pressure was lost and the rena^ 
blood flow was readily altered passively. However, Opitz and Smyth showe 
in dogs narcotized with morphine-pemactone that blood pressure variations 
elicited by the carotid sinus reflex did not alter renal blood flow as measured by 
stromuhr in intact or in denervated kidneys (2). The early literature dealing 
with the effect of changing pressure on renal blood flow as estimated by oncometer 
and stromuhr in anesthetized animals has been reviewed by Smith ( 6 ). 

An opportunity to measure renal blood flow and glomerular filtration rates 
in unanesthetized animals was provided with the introduction of clearance tech- 
niques. Bing, Thomas and Waples (4) induced chronic hypertension, neuro- 
genically in dogs, and demonstrated that the renal blood flow and glomerular 
filtration rates remained constant or fell with the onset of increased blood pres- 
sures. The studies on the unanesthetized rabbit reported in this paper indicate 

’ Supported in part by a grant from the Penrose Fund of the American Philosophical 
Society. 

* Died August 7, 1946. 
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that this adjustment to acute pressure increases is made without the mediation 
of reflex nerve action or secretory activity of the adrenal medulla. 

Methods. Renal clearance procedures employed in this study were discussed 
in detail in an earlier paper (5). Renal plasma flow was measured as the p- 
aminohippurate clearance. The glomerular filtration rate was represented by 
the creatinine clearance, and estimation of the number of functioning glomeruli 
was obtained by calculation of the amount of glucose reabsorbed by the renal 
tubules when the glucose plasma level was high enough to ensure saturation ot 
those tubules being perfused by glomerular filtrate. 

The male rabbits used in this study varied in weight between 2.2 and d.8 
kgm. At least 3 weeks before the acute experiment the kidneys were denervated 
by completely stripping the renal pedicles and the adrenal glands were demedu - 

latcd. . 1 r 14 . 

Blood pressure was measured directly by cannulation of the femoral artery. 

Under local anesthesia the depressor nerves were severed and, following several 
control periods, elevated systemic blood pressure was induced by clamping the 
carotid arteries. Blood and urine samples were collected before and after eleva- 
tion of blood pressure and chemical analyses were made for creatinine, glucose, 
and p-aminohippurate in each. Blood hematocrits were recorded and specific 
gravity of blood samples determined by the copper sulfate solution method. 

Measurement of retraction of the nictitating membrane of the eye was used on 
3 animals to test the possibility that detectable amounts of adrenme were 
liberated by the experimental procedure used to raise blood pressure. To test 
the possibility that denervation was not complete and that renal response to the 
neurogenic hypertensive procedure might be reflex, the vagus nerve was stim- 
ulated electrically to keep the blood pressure normal while the carotid artenes 
were clamped in 3 animals ^vith adrenals demedullated and kidneys denervated. 

Results. The effects of increased blood pressure, neurogemcally induced, 
were measured on the kidneys of 10 male rabbits which previously had their 
kidneys denervated and adrenal glands demedullated. Figure 1 illustrates an 
experiment in which, after 3 control periods of 21, 26, and 15 minutes each, the 
mean systemic blood pressure was raised from 75 to 110 mm. Hg by clamping 
the carotid arteries following section of the depressor nerves. This elevated 
pressure was maintained for 9 minutes. During the last 17 minute period the 
carotid circulation was restored by removing the clamps. The 47 per cent in- 
crease in pressure resulting from clamping the carotids did not significantly alter 
renal plasma flow (p-aminohippurate clearance), or glomerular filtration rate 
(creatinine clearance). In the period before clamping the carotid artenes the 
renal plasma flow was 72 ml. per minute and the glomerular filtration rate vas 
23 9 After the blood pressure was raised these values were 73 and 24.8 ml. per 
minute respectively. The number of functioning glomeruli (glucose Fm) was 
actually diminished ivith the elevation in pressure. Forty-seven and nine-tenths 
mirngrams per minute of glucose were reabsorbed by the tubules in the peiiod 
with the pressure at 75 mm. Hg, and 45.9 mgm. per minute at the elevated 

pressure. 
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Figure 2 represents the eifect of elevated blood pressure on renal plasma flow 
in all the nnimals studied. The mean control systemic pressure in the femoral 
artery was 79 mm. Hg, and the mean increase following clamping the carotid 
arteries was 34 mm. Hg. Renal plasma flow increased slightly in 6 experiments 
and actually decreased in 3. A mean pressure increase of 43 per cent resulted 
in such accommodation by these denervated kidneys that the mean plasma flow 
increase was only 5 per cent. 
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Fig, 1. Renal response to the elevation of systemic blood pressure in a large male rabbit 
(R 64 , 3.8 kgm.) whose kidneys were denervated and adrenal glands demedullated 3 weeks 
before the acute experiment. After 3 control periods during which the mean pressure, 
with depressor nerves cut, was 77, 76 and 75 mm. Hg respectively, the pressure was suddenly 
elevated to 110 mm. Hg by clamping the carotid arteries. This 47 per cent increase in 
pressure did not significantly affect the renal plasma flow (p-aminohippurate clearance), 
the glomerular filtration rate (creatinine clearance) or the filtration fraction. The eleva- 
tion in urine flow^is characteristic and was noted even in those experiments where an actual 
diminution in renal plasma flow and glomerular filtration rate was induced with increased 
blood pressure. Renal plasma flow, glomerular filtration rate and urine flow are expressed 
as ml. /min. 

The effect of increased systemic blood pressure on glomerular filtration rate 
is illustrated in figure 3. A rise in filtration rate accompanied the increase in 
pressure in every experiment but one, but, as with renal plasma flow, the slight 
increase in rate indicated that an adjustment to pressure rise was made in these 
denervated kidneys which prevented the filtration rate from passively following 
the pressure increase. The 43 per cent mean systemic pressure increase resulted 

raising the mean glomerular filtration rate only 8 per cent. The number of 
Auctioning glomeruli paralleled, in general, the glomerular filtration rate. 
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When Ijamport's formulas were used to calculate renal afferent and efferent 
arteriolar resistance (6) it became apparent that the adjustment inade by the 
kidney to pressure rises was chiefly an increase in resistance, presumably vasocon- 
striction, afferent to the glomeruli. Figure 4 illustrates the invariable increase in 
afferent resistance which accompanied increased systolic pressure, whereas no 
such uniform change in efferent resistance was noted. 



Fie. 2. The effect of elevated blood pressure on renal plasma flow in all animals st udied 
Each line represents a separate experiment and connects plasma flow in control period prior 
to clamping carotid arteries with flow values after elevated pressure was induced. ^ um- 
bers identify individual animals, in 3 instances the renal plasma flow was a-tually less 
at the higher pressure than during the control period. Animal 74 had one kidney. All 
kidneys were denervated and adrenal glands demedullated. 

Experiments were designed which demonstrated that the adjustment made by 
the kidney to pressure changes were not due, first, to incomplete denervation of 
the kidneys and, secondly, to reflex secretion of adrenine induced by the ex-- 
perimental procedure employed in elevating blood pressure. In 3 rabbits with 
adrenals demedullated and kidneys presumably denervated the carotids were 
clamped foUowing section of the depressor nerves, but blood pressure wm pre- 
vented from rising by electrical stimulation of the vagus nerve. This did not 
induce increases in renal afferent resistance in any of the animals. The possible 
liberation of adrenine following neurogenic pressure increase was tested in 3 other 
animak with adrenal glands demedullated and kidneys denervated. Retraction 
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erf the nictitating membrane of the eye was used to test for the release of ad^e 

^to th"a?ory system. I - 2 animals no retractj ac^mp^^h^r^ 

cedure and in one rabbit a slight retraction was recorded. This 
unlikely that in these animals with adrenals 
in renal afferent resistance was due to adrenme reflexly libera 
adrenal source. 



Ki, 3. The e«ect of elevated “i" 
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DISCUSSION The experiments just described illustrate the autonomy of the 
7 Q) The observations here on the rabbit further demonstrate, 
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and without the mediation Of adrenine secretion. • 

wi«+.r,n Ml Lamnort (10) and Selkurt (7) have pointed out that as a conse 
^ iltlktion at the glomerulus post-glomerular blood undergoes hem^on- 
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water reabsorption. Should the glomerular filtration rate vary with blood pres- 
f^^ey corresponding alterations in viscosity would result in buffering the renal 
cumulation against pressure fluctuations with the result that constant renal blood 
flow would be maintained. This explanation cannot be applied to the experi- 
ments in this study because the glomerular filtration rate, as well as the renal 
plasma flow, remained relatively constant despite marked increases in pressure. 
No increase in blood viscosity could be obtained which would be great enough to 
counteract the increased pressure produced. The failure of the filtration rate 



passively to follow blood pressure rises indicates that the accommodation in the 
renal circulation which resulted in uniform flow was made afferent to the glo- 
meruli. The basic mechanism by means of which the renal circulation ac- 
commodates to elevations in blood pressure under these circumstances remains 
obscure. 

SUMMARY 

The relative autonomy of the renal circulation in unanesthetized rabbits, 
particularly with reference to increases in blopd pressure, persists even in animals 
with kidneys denervated and adrenal glands demedullated. 
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Acute neurogenic blood pressure elevations were experimentaUy induced and 
clearance techniques employed to measure the effect of pressure increases on 
renal plasma flow and glomerular filtration rates in 10 male rabbits. A mean 
pressure rise of 43 per cent for all animals studied was accompanied by an increase 
in renal plasma flow of 5 per cent, and in glomerular filtration rate of 8 per cent. 
Three of the animals showed decreased renal plasma flow with the increase m 
blood pressure, and a fall in glomerular filtration rate was noted in one. 

A rise in resistance afferent to the glomeruli accompanies blood pressure eleva- 
tion. The basic mechanism accountable for this pressure-flow accommodation 
remains obscure. 
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Koch (1927) found tliat ether and chloroform decrease the injury potential of 
peripheral nerve. Hober, Andersh, Hober and Nebel (1939) observed depolari- 
sation in frog and crab nerve when treated with the narcotics ethyl urethane, and 
chloral hydrate and with amyl alcohol, and in crab nerve with the local anesthe- 
tics cocaine and novocaine. Bishop (1932) had previously reported, however, 
that amyl alcohol and cocaine in concentrations sufficient to abolish nerve con- 
duction produce a “positive resting potential”. This was recently confirmed by 
Bennet and Chinburg (1946) for a number of local anesthetics. However, they 
found that some of those drugs when permitted to act over longer periods will 
cause nerve depolarisation. Wright (1947) showed that ether and alcohol vapor 
cause a distinct depolarisation of mammalian nerve, which to a certain degree 
parallels the depression of the action potential caused by these agents. 

Since the narcotics seem to affect the polarisation state of the peripheral nerve, 
it was of interest to investigate the effect of such drugs or, the polarisation ol 
central nervous elements. It has been found (van Harreveld, 1946) that during 
asphyxiation of the spinal cord it is possible to lead off from the pay ma er a 
“depolarisation potential”, the course of which indicates that irst the more 
sensitive parts of the neuron (probably mainly the nerve 
followed by the depolarisation of the more resistant parts (fibere) . The methods 
used in that investigation have been found to be feasible for the examination o 
the effects of drugs on the polarisation state of central nervous elements. I he 
action of two narcotics, ether and pentobarbital (nembutal), will be described. 

Methods. An active electrode was placed into the gray matter of the spinal 
cord at the level of L 7 or S 1, and an indifferent electrode on an anterior root of 
one of these segments. After amplification the potential changes were recorded 
with a coil type galvanometer (for a moi-e detailed description see van Harreve , 

^^Srare (Intocostrin, E. R. Squibb & Sons, 0.5 cc/kgm.) was administered to 
prevent disturbance of the electrodes by active movements of the animal. 
Artificial respiration was given during the entire experiment. The blood pres- 
sure was recorded continuously. It was usually possible to maintain a blood 
pressure of at least 10 cm. of mercury by infusing, when nepssary, adrenaline 
(10“®) into the jugular vein. The maintenance of a reasonable blood prpsure i 
an essential part of these experiments since the narcotics, especially in large 
doses, tend to cause a drop in blood pressure. When sufficiently pronounce 
this impairs the oxygenation of the cord and thus causes “ 

has been possible to inject with this technique up to 5 times the narcotic dose 
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of pentobarbital, 40-50 mgm./kgm. (Fulton and Keller, 1932), without a 
marked drop in blood pressure. 

Pentobarbital was injected into the carotid artery. Larger amounts can be 
administered by this method at a higher rate, without endangering the heart 
action, than when this drug is given intravenously. It was customary to add a 
small amount of adrenaline to the pentobarbital to combat the drop in blood 
pressure which would otherwise result from such an injection. 

Ether was administered by bubbling the air for the artificial respiration 
through an ether bottle. 

Asphyxiation of the cord was produced by clamping the aorta between the 
diaphragm and the coeliac artery. The blood supply through the spinal arteries 
had been arrested by cutting the spinal cord at Th 11 or 12. 

Cats were used exclusively. The preparation was made in ether narcosis. 

Results. The effect of pentobarbital on the polarisation state of the spinal cord. 
The effect of pentobarbital was investigated in preparations in which asphyxia- 
tion of the cord had been shown to produce the usual depolarisation potential. 
As described before (van Harreveld, 1946) clamping of the aorta causes a galva- 
nometer deflection indicating a developing negativity of the gray matter. This 
deflection usually reaches a maximum in 1.5 to 2.5 minutes. The amplification 
selected for the present experiments was such that this maximum caused a 3 to 
5 cm. galvanometer deflection, representing a potential difference varying from 
a few to as high as 20 mV. 

After having thus established the response of the spinal cord to asphyxiation, 
pentobarbital was injected into the carotid artery in doses of 50 mgm./kgm. 
(the narcotic dose). The administration of such a large dose of pentobarbital 
in the course of 1 to 2 minutes usually has surprisingly little effect. In many 
experiments no deflection at all could be ascribed to the injection of the drug; 
in others it caused a small galvanometer movement, the direction of which was 
inconsistent. This movement was sometimes temporary, the galvanometer 
returning to its original position a few minutes later. The subsequent injection 
of several such doses of pentobarbital had no more effect than the first, as long 
as it was possible to prevent a marked drop of the blood pressure by the infusion 
of adrenaline. 

The absence of a consistent electrical effect might indicate that the adminis- 
tration of pentobarbital does not affect the polarisation state of the spinal cord. 
However, with the method used, depolarisation can be detected only if part of 
the neuron depolarises, as for example during the first phases of cord asphyxia- 
tion, when the cell bodies depolarise but the fibers are still little affected (van 
Harreveld, 1946). If the entire neuron depolarises uniformly, no potential 
difference can be expected between the gray and white rnatter of the cord. The 
observation that pentobarbital does not cause a consistent potential difference 
thus may also indicate a uniform change in the polarisation state of the entire 
neuron. To distinguish between these possibilities, use has been made of the 
depolarisation potential during short asphyxiations of the cord, as a measure 
of the polarisation state of the neuron parts most sensitive to oxygen lack (cells). 
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If pentobarbital depolarises the neuron one would expect a decrease of the 
asphyxia! depolarisation potential. 

It was found that the deflection caused by clamping the aorta grew smaller 
and smaller as more and more pentobarbital was administered. In table 1 the 
data of 5 experiments are collected. The aorta was clamped for a period long 
enough to record the maximum deflection (1.5 to 2.5 min.). After establishing 
the value of the prenarcotic deflection, a dose of 50 mgm. of pentobarbital per 
kgm. body weight was injected, and 6 to 7 minutes later its effect on the asphyxial 
deflection was examined. The injection of pentobarbital and clamping of the 
aorta was repeated 3 to 4 times with 10 minutes intervals. Table 1 show^s that 
the maximum deflection caused by asphyxiation of the cord is depressed more 


TABLE 1 


NO. 

PRENARCOTIC ASPHYXIATION.^ 

50 mgm./kgm. 

100 MGM. /kgm. 

150 mgm. /KGM. 

200 mgm. /kgm. 

A 

B 

C 

D 

E 

F 

1 

11.4 

11.0 

8.4 

7.3 

6.2 

4.2 




75% 

65% 

55% 

38% 

2 

3.7 

3.3 

2.3 

1.3 

1.1 

1.0 




66% 

37% 

32% 

29% 

3 

4.0 

4.3 

2.3 

1.7 

0.9 

— 




56% 

41% 

22Vo 


4 

6.7 

7.7 

6.2 

5.0 

2.0 

1.7 



1 

86% 

69% 

28% 

24% 

6 

3.6 

3.6 

2.6 

2.1 

1.5 

1.0 




72^0 

58% 

42% 

28% 


Progressive decrease of the asphyxial depolarisation potential caused by the administra- 
tion of increasing amounts of pentobarbital. The potentials are given in millivolts. 


and more by each subsequent injection. In the 5 experiments of table 1, the 
average depression of the asphyxial deflection caused by the first narcotic dose 
of pentobarbital was about 30 per cent. 

It has been argued before (van Harreveld, 1946) that the galvanometer de- 
flection caused by asphyxiation of the cord is in general a complex phenomenon, 
and that the maximum of the deflection reached after 1.5 to 2.5 minutes may be 
an indication not of the total depolarisation of the most sensitive parts of the 
neuron (nerve cells), but of the beginning of the depolarisation of more resistant 
parts (fibers). This will tend to decrease the galvanometer deflection, since 
complete depolarisation of cells as w'ell as fibers w'ill theoretically causc^ eciuipo- 
tentiality betw^een the gray matter and the anterior root. The maximum of the 
depolarisation potential thus is npt too reliable a measure for the polarisation 
state of nerve cells, since this value will be influenced by variations in thc^ start 
of the fiber depolarisation. Evidence for this has been found in experiments 
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in which the aorta was clamped at 10 minute intervals without administration 
of drugs. In one such experiment 5 clampings of the aorta gave the following 
maxima: 5.1, 5.3, 4.6, 4.4 and 6.7 mV. The maxima of the 3rd and 4th clamp- 
ings were reached quicker than those of the 1st and 2nd clampings, but the 
maximum of the 5th clamping was reached considerably later than that of the 
first. The variations observed in this series are probably not related to changes 
in the polarisation state of the spinal cord, but to variations in the time at which 
depolarisation of the various neuron parts begins and in the speed with which 
this progresses. These considerations have made it necessary to discard a 
number of experiments in which after the injection of pentobarbital the maxi- 
mum deflection not only became smtdler, l)ut also was reached earlier. In 
these cases it might be that an earlier depolarisation of the fibers had at least 
contril)uted to the dec^rease of the maximum. In the 5 experiments collected 
in table 1 the maximum was reached at either the same or a later time during 
the 6th than during the 1st (damping of the aorta. The decrease of the maximum 
in these experiments thus indicates that pentobarbital (causes an actual deci-ease 
of the polarisation state of the most sensitive part, of the neuron (cells). 

Since it has been concluded that a c4iange in the depolarisation state caused 
by administration of pentobarbital has to be uniform in the entire neuron, the 
demonstration of a depolarisation of the cells makes it necessiiry to assume that 
the fibers in the cord also depolailse under the influence of this drug. It has 
been possible to ol)tain evideiK^e for this in the following way. A silver-chloride- 
plated silver electrode shaped like a small knife was stuck into the dorsal column 
of the cord. Another electrode was placed on the undamaged posterior column 
about 1 (;m. distant from the first. An injury potential was led off with these 
ele(;trodes, the damaged place being negative. After placing the electrodes, a 
considerable drift of the galvanometer was recorded, indicating a decay of this 
potential. In some of the experiments, however, the drift decreased sufficiently 
to allow examination of the effect of pentobarbital on the injury potential. The 
injury potential is an indication of the polarisation state of the undamaged parts 
of the nerve or fiber tract, and thus any agent which depolarises these parts will 
decrease this potential. In a number of experiments it has indeed Ixien found 
that the injection of pentobarbital causes a definite and permanent decrease of 
the injury potential. The most convincing record has been redrawn on a con- 
venient time scale in figure 1. A large dose of pentobarbital (90 mgm./kgm. 
body weight) was injected three times. The first two injections caused con- 
siderable decrease of the injury potential, while the third injection had only a 
small effect. This effect on the injury potential supports the conclusion that 
pentobarbital depolarises the neuron uniformly. 

The effect of ether on the 'polarisation state of the spinal cord. Ether was ad- 
ministered to preparations in which the polarisation state of the spinal cord had 
previously been examined by clamping the aorta. The ether usually did not 
cause any galvanometer deflection; in some experiments small deflections were 
recorded in either direction. The lack of a consistent effect of ether administra- 
tion is observed only in experiments in which it is possible to prevent a large 
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drop of the blood pressure by the infusion of adrenaline. When the aorta was 
clamped during or immediately after etherization, the maximum of the depolari- 



Fig. 1. Effect of pentobarbital on the injury potential of the df)rsal column. At A 
90 mgm. of pentobarbital/kgm. body weight is injected. At B and C this is repeated. 
Time in minutes. The vertical line indicates the deflection of 1 millivolt. 

Fig. 2. Upper record: effect of relatively light ether narcosis on the asphyxial depolar- 
isation potential. A, prenarcotic depolarisation potential. Ether is administered front 
B to C. At C asphyxiation, immediately following etherization. Between C and D there 
is a 10 minute interval during which ether is eliminated. Between D and E also a 10 minute 
interval. Minutes are indicated at the bottom of the record; beginning and end of as- 
phyxiation and of administration of ether at the top. The arrows point to 1 milli volt- 
calibrations. 

Lower record: Effect of deep etherization on the asphyxial depolarisation potential. 
This record is continuous. F, prenarcotic depolarisation potential. Between G and H 
the animal is etherized maximally. Two minutes’ asphyxiation is started at H. Between 
H and J no ether is given. At J another 2 minutes’ asphyxiation. Signals the same as 
upper record. 

Fig. 3. Cortical asphyxial depolarisation potential. Minutes are indicated at the 
bottom, beginning and end of a 2 minutes’ respiratory arrest at the top of the record. 
The arrow indicates a 1 millivolt calibration. 

sation potential tvas always decreased markedly as compared with the prenar- 
cotic deflection. Figure 2 shows the records of two experiments; in one (A, B, 
C, D and E) narcosis was relatively light, in the other (F, G, li and J) it was 
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very deep. The administration of ether did not produce a significant galva- 
nometer deflection in either of these experiments. The light ether narcosis 
caused a decrease of the asphyxial depolarisation potential recorded immediately 
after 5 minutes^ ether administration. The depolarisation potential recorded 10 
minutes after stopping etherization had grown again to almost the prenarcotic 
size. The changes in the polarisation state observed during a relatively light 
ether narcosis are thus easily reversible. In the second record of figure 2, 
clamping of the aorta after 7 minutes^ maximal etherization had practically no 
effect. When the clamping was repeated 10 minutes after the end of etheriza- 
tion, a considerable depolarisation potential was again recorded. After such 
deep narcosis the depression of the depolarisation potential is in general not 
completely reversible for the 30 to 40 minutes following etherization. In a 
number of experiments the observation was made that although the depolarisa- 
tion potentials recorded 10 minutes after the end of a deep etherization showed 
a fair increase, the subsequent clampings of the aorta at 10 minute intervals 
caused smaller and smaller galvanometer deflections. It is of interest to note 
that Wright (1947) observed irreversible effects of concentrated ether vapor on 
the polarisation state of peripheral nerve. Jowett and Quastel (1937), who 
found that ether inhibits brain respiration in vitro, remarked that this inhibition 
was reversible only when the exposure of the brain tissue to ether had been 
slight. The not readily reversible depolarisation of the cord was caused by the 
application for 7 to 8 minutes of ether in the highest concentration compatible 
with an undisturbed heart action. Although it was impossible to check reflexes 
or respiration in the curarised animal, it seems likely that the narcosis produced 
in this way is deeper than the deepest surgical narcosis. 

Often the maximal asphyxial deflection is reached later after etherization than 
before (see fig. 2). It is possible that this is related to the depression of the 
metabolism observed by Jowett and Quastel (1937). On the other hand, as 
mentioned above, similar changes have been observed in series of aorta clampings 
without the administration of drugs. 

Since the administration of ether, like that of pentobarbital, does not produce 
a consistent potential difference between the gray and white matter of the cord, 
even though it depresses the asphyxial depolarisation potential, it can be con- 
cluded that this narcotic likewise causes a uniform depolarisation of the entire 
neuron. 

Depolarisation of the cerebral cortex by asphyxia and by anesthetics. In some 
experiments an attempt was made to record the asphyxial changes in the polari- 
sation state of the cerebral cortex. One silver-chloride-plated silver electrode 
was placed in the gray matter of the cortex, while another was placed on the 
cortex or in the subcortical white matter. The cortex was asphyxiated either 
by stopping the artificial respiration or by clamping the innominate and right 
subclavian arteries in the chest. These procedures caused galvanometer de- 
flections which, although undoubtedly due to the depolarisation of nervous 
elements in the cortex, lacked the simplicity and constancy of the depolarisation 
potentials of the spinal cord. Not even the direction of the potential was con- 
stant. It is likely that the variations of the cortical depolarisation potentials 
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are mainly due to differences in placement of the electrodes, especially of the 
electrode in the cortical gray matter. In four suitable experiments the latent 
period of the depolarisation potential after stopping the artificial resi)iration was 
around 50 seconds. The same value was found previously with this method of 
asphyxiation for the depolarisation potential of the spinal cord (van Ilarreveld, 
1946). The latent period was considerably shorter when the brain was asphyx- 
iated by clamping the larg(^ thoracic arteries. 

Figure 3 shows a record of a cortical depolarisation potential. A frequent 
observation was the uneven baseline, which has not be(m noticed in similar 
records of the spinal cord. These irregularities probably repi*esent the electro- 
encephalogram. This assumption is supported by the observation that shortly 
after the beginning of asphyxiation the irregularities disapi)ear, but develop 
again a few minutes after 2 minutes’ respiratory arrest (Sugai- and (lerard, 1938). 
This figure also illustrates the more complicated shape of the aspli\^xial potentials 
of the cortex, and their complete revei-sibility. 

Though the cortical depolarisation potential is probably an even less reliable 
indi(^ator of the state of polarisation t-hen the more constant and simi)l(' potentials 
observed in the spinal cord, the effect of jxmtobarbital was inxestigated. 41iis 
drug was again injected in doses of 50 mgm./kgm. body weight, and aftca’ eacli 
injection the depolarisation potential w'as recorded during clamping ol the in- 
nominate and right sul)clavian arteries. One such dose (l(‘creased the d(‘polari- 
sation potential, but as much as 4 doses of 50mgm. of pentobarl)ital perkgm. ot 
body \veiglit w'ere sometimes insufficient to supress the effect ol asj)hyxiation 
completely. The cortical depolarisation potential therefoi'e seems to be affected 
by f)ent,obarbital in a similar manner as the depolarisation ])otential of the 
spinal cord. 

The ejfeet of 'penlobarhital and ether on knee jerk and flexion reflex. It. was of 
interest to correlate the depolarisation produced by pentol)ai’bital with the effect 
of this drug on spinal reflexes. Therefore the kneejerk was recorded on one 
side of a number of spinal animals and the flexion reflex (antcM’ior t.ibial muscle) 
on the othei- side. The stimuli for these reflexes were given altei-nately at 
intervals of about 3 seconds. The kneejerk w^as elicited by an elcMiromagruff ic 
devi(a^, which at regular intervals tapped the (juadriceps tendon (\ an Ilai reveld, 
1939); the flexion reflex was caused by short faradic stimulations of the homo- 
lateral n. peroneus superficialis. The blood pressure was lecoixled and was 
prevented from dropping below. 10 cm. of mercury by the infusion of adrenaline. 

Pentobarbital Avas injeeffed in dosc^s of 50 mgm./kgm. body weight into the 
carotid artery. In all animals examined one such dose extinguislied the flexion 
reflex completely. Half this amount reduced but did not abolish it. A dose 
of 50 mgm./kgm. body woight in most cases decreased the kneejerk deflections 
only slightly (fig. 4). To abolish this reflex, considerably more pentobarbital 
had to be administered. This can be done only when artificial respiration is 
applied. One hundred to 125 mgm. pentobarbital per kgm. body weight is 
usually needed to stop the kneejerk completely. This difference in sensitivity 
of kneejerk and flexion reflex has been found consistently in all animals examined . 

Similar experiments were performed with ether. Like pentobarbital, ether 
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abolishes the flt^xiori reflex earlier than the kneejerk. When after extinguishing 
the kneejerk the administration of ether was stopped, this reflex recovered first, 
followed after a considerable interval by th(^ flexion reflex. 

Disci^ssiON. It has been (;on(tluded previously (van Harreveld, 1946) that 
asphyxiation first depolarises the most sensitive neuron parts, the cells, followed 
by df'polarisation of flie more resistent pai-ts, the fibers. In the present paper 
the (!on(*liision has been drawn that the narcotics, ether and pentobarbital, also 
(;ause depolarisation, but that these drugs affect cells and fibers uniformly. 
There is some evidence whi(di indicates that depolarisation in these two 
instances is produced in different ways. Spiegel and Spiegel-Adolf (1936- 
1938) showed by impedance measuiements of the brain with alternating cur- 
rents of different frequencies, that asphyxia causes an increase of membrane 
permeability to ions, whereas the administration of narcotics causes a decrease 
of this value. It is obvious that a sufficient increase of th(‘ membrane perme- 



Fig. 4. Effect of the administration of 50 mgm. of pentobarbital per kgm. body weight 
on the kneejerk (upper record) and on the flexion reflex (lower record). Time in seconds 
indicated at the bottom of the record. The bar at th(> top of the record indic^ates the 
duration of the injection. 


ability may very easily result in a loss of tlie selective permealdlily for ions which, 
accrding to t he membrane tlieory, is necessary for the maintenanc(‘ of an elect ri(‘ 
double layer. A moderate decrease in permeability may, but need not, result in 
a loss of the selective ionic* permeability; it is even conceivable that by becoming 
less permeable' foi* certain ions than for others the memibrane is irnprovc'd with 
respect to its ability to produce an electric double layer. Tlie depolarisation 
of peripheral nerve under the influence' of narcotics and lo(*al anestlietics observed 
by Hober, Andersh, Hober and Nebel (1939) and Wright (1947) and the ‘‘positive 
resting potential” resulting from the administration of amyl alcohol and cocaine, 
found by Bishop (1 932) are therefore not necessarily contradictory. The concept 
that these phenomena are related is supported by Bennet and Chinbui’g’s finding 
(1946), that both may be observed under the influence of local anesthetics. 

It has been obseuwed by several authors (Heinbc'cker, 1929; Lehman, 1937; 
Wright, 1946) that asphyxiation of peripheral nerve often causes an iniflal drop 
of the stimulus threshold, whereas Wright (1947) found that alcohol and ether 
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consistently cause a marked rise of this value. The changes in the stimulus 
threshold may be related to, or even caused by, the increased membrane perme- 
ability during asphyxiation, and the decreased permeability during narcosis. 

It does not seciin likely that the depolarisation produced by narcotics is caused 
by the depression of the metabolism of central nervous tissue by these drugs 
(Quastel and Wheatley, 1932, 1934; Jowett and Quastel, 1937; Jowett, 1938), 
because the depression of the metabolism caused by asphyxia increases the 
membrane permeability, whereas the narcotics influence the membrane in the 
opposite direction. It seems more likely that the narcotics act directly on the 
conducting membrane. 

The electrical theory of conduction and transmission (Eccles, 194G) maintains 
that conduction in the nerve as well as transmission across the synapse is due 
to the production of a potential difference (action potential) at one place, which 
stimulates adjacent structures. It seems that ether and probably nembutal 
influence both these processes in an unfavorable manner for conduction and trans- 
mission. Wright (1947) showed in crustacean single fiber preparations that the 
action potential of depolarising fibers is reduced before blocking occurs. It there- 
fore can be assumed that narcotics reduce the action potentials oi nerve fibers and 
boutons terminaux, which are the stimuli necessary for propagation and transmis- 
sion. On the other hand, the threshold of stimulation of the conducting mem- 
brane is increased by ether (Wright, 1947) , These two factors acting together will 
at a certain point stop the conduction in the nerve or the transmission across the 
synapse. It is likely that this point is reached earlier at the synapse than in the 
nerve fiber, since transmission at the synapse is normally less certain than con- 
duction in the fiber. Wright (1947) observed that blocking occurred in periph- 
eral nerve when depolarisation was about 50 per cent complete. In view of the 
above considerations, pentobarbital in narcotic doses, which reduces the asphyx- 
ial depolarisation potential about 30 per cent, could very well block a consider- 
able part of the s^mapses and thus depress central nervous activity . 

It is unlikely that the nervous elements in other parts of the central nervous 
system than the spinal cord are depolarised by markedly lower concentration of 
narcotics, since it was found that the effect of pentobarbital on the cortical and 
on the spinal depolarisation potential is not greatl}" different. Thciefore the 
difference in sensitivity of reflexes to narcotics is probably not due to differences 
in the degree of depolarisation of the reflex arc caused by a given concentration 
of the narcotic, but by differences in the concentration at wliich the reduced 
action potential of the boutons terminaux becomes unable to stimulate the less 
excitable dendrites or nerve cells. Another consideration which is probably of 
importance for the difference in sensitivity of various reflexes to narcotics is the 
length and complexity of the reflex arc . The chances that the impulse is arrested 
at one of the synapses of a multisynaptic reflex arc are greater than in the single 
synapse of a monosynaptic arc (van Harreveld, 1944). This may be an impor- 
tant factor in the great difference in sensitivity between the multisynaptic flexion 
reflex and the monosynaptic kneejerk. 

To depress the kneejerk completely it was necessary to administer 100 to 125 
mgm. of pentobarbital per kgm. body weight. From the 5 experiments of 


550 


A. VAN HARREVELD 


table 1 it can be computed that this causes an average reduction of the asphyxial 
depolarisation potential of 45 to 55 per cent. This would indicate a degree of 
depolarisation of the nervous elements sufficient to explain the suppression of 
all central nervous conduction. 


SUMMARY 

1. The administration of the narcotics, pentobarbital, and ether does not 
produ(;e a consistent potential difference between the gray and white matter of 
the spinal cord. 

2. During asphyxiation of the cord, the gray matter becomes negative with 
respect to an anterior root. This potential is believed to be due to the depolari- 
sation of nervous elements. During the first minutes of cord asphyxiation it 
would indicate the depolarisation of the most sensitive neuron parts, the nerve 
cells. The administration of pentobarbital and ether depresses this asphyxial 
depolarisation potential. 

3. From the depression of the asphyxial depolarisation potential and the 
absence of an electrical effect of the administration of ether and pentobarbital, 
the concilusion was drawn that these narcotics cause a uniform depolarisation of 
the neuron. 

4. Asphyxial depolarisation potentials were led off from the cerebral cortex, 
and were similarly influenced by pentobarbital as the spinal asphyxial potentials. 

5. From the effect on the asphyxial depolarisation potential it can be concluded 
that pentobarbital in narcotic doses causes a sizable depolarisation of central 
nervous elements. 

6. An attempt is made to combine these and other known effec’ts of narcotics 
on nervous structures in a theory of narcosis. 
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In recent years a number of papers have appeared concerning the effects 
of vitamin imbalance in experimental animals and man. Scandinavian woikers 
(1-3) found that human subjects suffering from multiple dietary deficiencies 
developed symptoms of niacin deficiency when dosed with thiamine alone. 
Sydenstricker (4) demonstrated that when niacin alone was given to pellagrins 
certain signs of their disease, presumably due to a deficiency of other factors, 
were intensified. Morgan (5) observed that administration of niacin or panto- 
thenic acid alone to dogs receiving “ample amounts of all necessary vitamins 
except those of the filtrate factors” resulted in a gradual loss of neuromuscular 
control and sometimes sudden death. All these experiments have one point 
in common: namely, that the administration of a vitamin resulted in the inten- 
sification of symptoms or the precipitation of pathologies that did not occur in 
animals not so treated. Other investigators, however, were unable to demon- 
strate adverse reactions following unlialanced dosing even with massive doses 
of the B-vitamins (6, 7). In view of Richards’ suggestion that adverse effects 
of vitamin imbalance might only be demonstrated under conditions of stress 
as distinct from growth or maintenance (8), the present study was undertaken 
to determine the effects of unbalanced dosing both in animals fed {1) ad libitum 
and (2) under the stress of reduced caloric intake. 

Procedure and results. Ninety-six female rats of the University of South- 
ern California strain were raised to maturity on a stock ration and selected for 
the experiment at approximately 90 days of age and an average body weight of 
170 grams (range 149 to 196 grams). Two basal rations were employed: diets 
A and B, Diet A was a purified ration containing the B-complex factors in 
synthetic form; diet B was similar in composition but contained yeast in place 
of the synthetic B-factors. The synthetic vitamins were incorporated in diet 
A in amounts corresponding to their content in yeast so that the thiamine, 
riboflavin, pyridoxine, niacin and pantothenic acid content of the two diets was 
virtually identical. Both diets A and B w^ere supplemented with massive doses 
of thiamine hydrochloride, riboflavin and nicotinic acid, the three vitamins 
employed in the flour enrichment program; and the effects of feeding each of 
these diets with and Avithout supplements were determined (table 1). Diets 
were prepared weekly and kept under refrigeration. Animals w ere fed the above 

1 The research which this paper reports was undertaken in co-operation with the Com- 
mittee on Food Research of the Quartermaster Food and Container Institute for the Armed 
Forces. The views or conclusions contained in this report are those of the authors. »ey 
are not to be construed as necessarily reflecting the views or indorsement of the War e- 
partment. 
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rations (1) ad libitum and (2) in amounts of 6 grams per day representing a caloric 
restriction of approximately 50 per cent. Diets were administered daily except 
Sunday with portions doubled for the Saturday feeding. Animals were weighed 
weekly, and feeding was continued for 20 weeks (12 animals per group). 


Table 1 

Composition of experimental diets* 


COMPONENT 

DIETS A 1 AND A t 

DIETS Bi AND Bt 


% 

% 

Yeast** 

0.0 

12.0 

Vitamin test caseinf 

30.0 

30.0 

Salt mixtureft 

4.5 

4.5 

Sucrose 

55.5 

43.5 

Cottonseed oil 

10.0 

10.0 


Vitamin supplements added to diets 



mgm. % 

mgm.% 

Thiamine hydrochloride 

7.2 

0.0 

Riboflavin 

0.9 

0.0 

Pyridoxine hydrochloride 

1.5 

0.0 

Calcium pantothenate 

6.72 

0.0 

Nicotinic acid 

6.0 

0.0 

2-methyl -napthaquinone 

0.5 

0.5 

Choline chloride 

120.0 

120.0 


Additional supplements of thiamine hydrochloride, riboflavin and nicotinic acid were 
added to diets A 2 and B 2 in the following amounts per kgm. of diet: thiamine hydrochloride 
3.6 grams, riboflavin 0.45 gram and nicotinic acid 3.0 grams, 

* All rats were fed once weekly 3 mgm. of alpha-tocopherol and a vitamin A-D concen- 
trate (Nopco Fish Oil Concentrate assaying 800,000 IJ.S.P. u of vitamin A and 80,000 U.S.P. 
u of vitamin D per gram) containing 100 U.S.P. u of vitamin A and 10 U.S.P. u of vitamin 
D. 

** Brewers’ type yeast ^1^200, Anheuser-Busch, Inc., St. liouis, Mo. Each gram, accord- 
ing to the manufacturer, contained the following vitamin potencies: thiamine, 600 ng; 
riboflavin 75 pyridoxine 100-125 fxg, pantothenic acid 420-560 /ng and nicotinic acid 
350-500 fig. 

t Vitamin Test Casein, General Biochemicals, Inc., Chagrin Falls, Ohio. 

tt Salt Mixture no. 1, (9). 

Results are summarized in table 2. Data were computed on the basis of the 
top 10 animals in eafch gi’oup with the smallest two in each series eliminated in 
order to minimize variations in group averages due to infection or atypical 
responses on the part of individual rats. At least 10 animals in each group 
survived the experimental period of 20 weeks. When feeding was restricted to 
6 grams per day, no significant difference in body weight or gross appearance 
was observed either on the synthetic or yeast-containing rations between animals 
fed control diets and those on rations containing massive doses of thiamine 
hydrochloride, riboflavin and nicotinic acid. For the first 6 weeks of feeding 
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animals lost weight rapidly on all diets; during the next 6 weeks they continued 
to lose weight but at a smaller rate. During the last 8 weeks, however, animals 
regained in virtually all cases part of the weight they had initially lost. After 
20 weeks of feeding no significant difference in body weight was observed on any 
of the four diets employed. On ad libitum feeding body weight was greater on 
control diets than on similar rations containing the thiamine, riboflavin and 
nicotinic acid supplements. Statistically these differences were not marked 
but a similar trend was observed on both synthetic and yeast-containing rations. 
Similarly gain in body weight was greater on diets Bi and B 2 than on comparable 
synthetic rations. 

TABLE 2 


Effects of massive doses of thiamine hydrochloride, riboflavin and nicotinic acid on the 
body weight of rats fed ad libitum and under conditions of reduced caloric intake 


1 

! 

rkTt^'TATIV 

NO. OF ANIMALS 

INITIAL BODY WT. 

AVERAGE CHANCE IN BODY WT. IN GRAMS AFTER 


grams 

1 6 weeks 

12 weeks 

20 weeks 




6 gram per day series 


At 

1 

10 

172.6 

-38.9 

-48.0 

-39.3±4.1* 

A 2 

10 

168.0 

-33.0 

-44.6 

-40.7±3.0 

Bi 

10 

170.5 

-39.2 

-50.2 

-43.2±3.4 


10 

168.0 

-45.5 

-59.0 

-51.0±3.7 

Ad libitum series 

Ai 

10 

168.4 

+26.9 

+28.1 

+42.1±7.2 

A 2 

10 

169.6 

+ 16.2 

+21.9 

+23.4±4.1 

B, 

10 

170.5 

+37.0 

+49.0 

+60.6±5.4 

B 2 

10 

171.1 

j +19.8 

+28.9 

+41.9±5.2 


* Standard error of the mean, 

y/n 

Effects of inassive doses of thiamine hydrochloride, riboflavin and nicotinic acid 
on the B. M. R. of rats fed. ad libitum and under conditions of reduced caloric intake. 
Inasmuch as thiamine, riboflavin and nicotinic acid are constituents of enzyme 
systems concerned in cellular oxidation and reduction, the question arose as to 
what effect massive doses of these vitamins might have on the basal metabolic 
rate of animals fed ad libitum or under conditions of reduced caloric intake. 
Accordingly, the basal metabolism was determined after 12 weeks of feeding 
in rats described in the previous section. The apparatus used was a closed 
circuit type with a capacity of 2 liters (10). Carbon dioxide was absorbed with 
sodium hydroxide, and oxygen consumption was determined from pressure 
changes recorded by means of a water manometer. The respiration chambers 
were kept at 28°C; readings obtained were corrected to standard temperature 
and pressure. Food was removed from the animals’ cages the evening prior 
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to the metabolism test. At least six successive 5-minute intervals were recorded 
for each animal, with care being taken to record oxygen consumption when 
animal activity was at a minimum. ^ 

Findings are summarized in table 3. When feeding was restricted to 6 grams 
per day, no significant difference in basal metabolic rate was observed either on 
the synthetic or yeast-containing rations between animals fed control diets 
and those on rations containing massive doses of thiamine hydrochloride, ribo- 
flavin and nicotinic acid. In all groups fed a reduced caloric intake oxygen 
consumption per 100 grams body weight was significantly less than for animals 
fed similar rations ad libitum. On ad libitum feeding, however, basal metabolic 
rates were greater on the control diets than for rations containing the thiamine, 
riboflavin and nicotinic acid supplements. Statistically these differences were 
not marked but they occurred on both the synthetic and yeast-containing rations. 

TABLE 3 


Effects of massive doses of thiamine hydrochloride, riboflavin and nicotinic acid on the 
B.M.R. of rats fed ad libihim and under conditions of reduced caloric intake 


DIETARY GROUP 

NO. OF ANIMALS 

Ot CONSUMPTION 
cc/hr/lOO grams 
BODY WT. 

DIETARY GROUP 

NO. OF ANIMALS 

Ol CONSUMPnON 
cc/hr/100 grams 
BODY WT. 

6 grams per day series 

Ad libitum series 

Ai 

8 

91.5±9* 

Ai 


' 131.4±16* 

A 2 

8 

85.2=fc4 

A 2 

4 

116. 0±6 

Bi 

8 

89.8±n 

Bi 

4 

138. Oil 9 

B 2 

8 

94.4=fcll 

B 2 


112.2±10 


* Average deviation. 


Effects of massive doses of thiamine hydrochloride, riboflavin and nicotinic add. 
on the blood counts of rats fed ad lib. and under conditions of reduced caloric intake. 
The suggestion has been made that unbalanced vitamin therapy if sufficiently 
prolonged may increase requirements for other nutrients to the extent that 
deficiencies occur. Since leucopenia, granulocytopenia and other abnormalities 
in the formed elements of the blood may occur in deficiency states, the question 
arose as to what effect massive doses of thiamine, riboflavin and nicotinic acid 
might have on the blood count of rats fed ad libitum or under conditions of 
reduced caloric intake. Accordingly animals fed the diets previously described 
were selected after 12 weeks of feeding, and total and differential white cell 
counts, hemoglobin determinations and total red cell counts were made on the 
tail blood of all rats. Differential counts were made on smears stained with 
Wright’s stain, 100 cells on each of two slides being employed for each analysis. 
All blood counts were made in duplicate. 

* We are indebted to Dr. R. J. Winzler of the Department of Biochemistry and Nutrition 
of the University of Southern California for his assistance with the B.M.R. determinations. 
Readings were made by G.D.M. 



VITAMIN IMBALANCE IN REDUCED CALORIC INTAKE 


555 


No significant difference in total erythrocytes or hemoglobin levels was ob- 
served either on synthetic or yeast-containing rations between animals fed control 
diets and those on rations containing massive doses of thiamine hydrochloride, 
riboflavin and nicotinic acid. Erythrocytes averaged 7.4 to 8.1 million per cc. 
of blood for the various groups (range 6.7-9.6 million per cc.), with hemoglobin 
averaging 15.3 to 15.9 mgm./lOO cc. (range 14.0-17.8 mgm./lOO cc.). Data 
on leucocyte counts are summarized in table 4. In agreement with earlier 
findings (11) a significant reduction in total leucocytes was observed in animals 
fed reduced caloric intakes. This occurred on both synthetic and yeast-con- 
taining rations. The two diets differed, however, in respect to percentage and 
total gi-anulo(;ytes per cubic centimeter of blood. When feeding was restricted 

TABLE 4 


Effects of viassive. doses of thiamine hydrochloride, riboflavin and nicotinic acid on the 
leucocyte count of rats fed ad libilutn and under conditions of reduced caloric intake 


DIETAKY 

GROUP 

NO. OK 
ANIMALS 

TOTAL LEUCOCYTE COUNT 

GRANULOCYTES 

Averase* j 

Range 

Per cent* 

j Total* 

6‘ gram per day series 

A j 

10 

i S,400±450 

6, 200-10, 7(K) 

13.8±0.4 

1159=b 30 

A 2 

10 

S,290rb420 1 

7,000-10,800 

14.5±1.0 

1202db 85 

By 

10 

7,440±370 1 

! 6,300-10.800 

j 25.9=fc'T.0 

1927± 74 

B 2 

10 

i 7,490±620 j 

1 1 

1 5,000-ll.(KK) 

! 30.4d=0,7 

2277± 52 

Ad lib series 

A, 

10 

13,500±580 

11.400-17,200 

15.2±1.4 J 

2052±189 

/U 

10 

]3.100d:660 

9,000-18,800 

22.3=h2.4 

2921 ±314 

/h 

10 

13.470±440 

11,200 15, (MX) 

15.1±0.8 j 

2034±108 

B 2 

10 

14,570±810 

10, 800-17, 4(X) 

22.7±0.6 

3307± 87 


* Including standard error of the mean, 

Vu 


to 6 grams per day, the percentage of granulocytes on diet Bi was increased 
so that total granulocytes per cc. of blood were equal to values observed on this 
same ration when fed ad libitum. No such increase in percentage of granulocytes 
occurred, however, on diet Ai when fed under similar conditions of caloric re- 
striction with the result that total granulocytes per cc. of blood were reduced in 
this series by approximately 50 per cent. No significant difference was observed 
at this level of feeding either on synthetic or yeast-containing rations between 
the granulocyte and total leucocyte count of rats fed control diets and animals 
fed similar rations containing massive doses of thiamine hydrochloride, riboflavin 
and nicotinic acid. On ad libitum feeding, however, percentage and total granu- 
locytes were greater on diets containing the thiamine, riboflavin and nicotinic 
acid supplements than they were on control rations. Statistically these dif- 
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fsrences were not marked but they occurred on both the synthetic and 3^t- 
containing rations, and at least for the latter appear to be significant. Total 
leucocytes per cubic centimeter of blood were similar for all diets employed. 

Discussion. Available data indicate the nutritional requirements of an 
a pimal may be affected by such factors as physical exertion, fever, drup, toxins, 
abnormal environmental conditions, pregnancy, lactation, hyperthyroidism 
and related “stress factors” (12); and that caloric r^triction may also prve as 
such a factor (11). In view of Richards’ suggestion that adverse effects ot 
vitamin imbalance may only develop under conditions of stress as distinct from 
growth or maintenance (8), it was felt that animals fed reduced caloric intakes 
might demonstrate adverse effects of unbalanced dosing more readily than 
animals fed similar rations ad libitum. Reduced caloric intake was employed 
as the stress factor in the present experiment since low calorie diets are widely 
consumed today by persons unable to obtain sufficient food to meet body re- 
quirements as well as by persons on therapeutic regimes; and it was believed 
desirable tp determine the effects of vitamin imbalance under these conditions. 

When feeding was restricted to 6 grams per day, no adverse effects were ob- 
served on either of the basal rations employed attributable to the administiation 
of mas.sive doses of thiamine hydrochloride, riboflavin and nicotinic acid. 
appearance, loss in body weight, basal metabolic rate, R. B. C., Hb., toM W. 
B. C. and differential counts did not differ significantly between animals fed 
control diets and those fed similar rations containing the vitamin supplements. 
Under conditions of ad libitum feeding no significant difference in gross ap 
pearance, R. B. C., Hb., and total W. B. C. count was obseived between animals 
fed the control and vitamin-supplemented diets. The latter group, however, 
gained less weight, had a lower basal metabolism and a higher granulopte 
count per cubic centimeter of blood than animals fed the control rations. Tpse 
differences although consistent for both the synthetic and yeast-contammg diets 
were not sufficiently marked in most cases to be statipically significant. I in - 
ings indicate, at least for animals fed reduced caloric intakes, that under condi- 
tions of the present experiment vitamin imbalance, as caused by massive doses 
of thiamine, riboflavin and nicotinic acid, did not result in adverse eflects m the 
female rat. 

SUMMARY 

Female rats were maintained for 20 weeks on purified rations and similar 
diets containing massive supplements of thiamine hydrochloride, nboflavm 
and nicotinic acid. Two basal rations were employed: one contaming the « 
vitamins in synthetic form and the other providing them as present in yeast. 
Animals were fed ad libitum and at a caloric restriction of 50 per cent. 

Under conditions of ad libitum feeding no significant difference m gross ap- 
pearance, R. B. C., Hb., and total W. B. C. count was observed between anmmls 
fed control diets and those fed similar rations containing the thiamine, nboflavm 
and nicotinic acid supplements. The latter group, however, gamed le^ weight, 
had a lower basal metabolism and a higher granulocyte count per cubic centi- 
meter of blood than animals fed control rations. 
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At a caloric restriction of 50 per cent no significant difference in gross ap- 
pearance, body weight, basal metabolic rate, li. B. C., Hb., total W. B. C. and 
differential counts were observed between animals fed control diets and those 
fed similar rations containing the vitamin siipiilements. 
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Weddell, Feiiistein and Rattle (1) (1943), using eoneentrie needle electrodes 
(Adrian and Bronk), investigated the electrical activity pres(‘nt in mammalian 
skeletal muscle (including the human being) after denervation by complete 
crushing of the nerve supply and during the course of ner\'e regeneration until 
functional recovery had taken place. From this and later studies (2, 3), the 
following fa(ds relative to reinner\'ation of muscle were evident: 1. Thei'e was 
a steady decrease in the number of fibrillation action potentials prior to the 
return of motor unit activity, Init a few fib]*illation action potentials could be 
recorded in (certain positions in the muscle wlien no detectable weakness covdd be 
recorded clinically. 2, There was a cessation of continuous fibrillation im- 
mediately before the appearance of nascent (polyphasic) motor unit action 
potentials. 3. ()n(^e started, the spread of motor unit activity throughout the 
muscle occurred (luite rapidly, re(|uiring only 5 to b days in the rabbit, and 12 
days in the human being. 4. When no electrical acti\'ity whatever could be 
recorded from a muscle more than a few weeks after nei*\’e injury (complete 
elec^trical silence), severe morphological changes were assumed to have taken 
place, e.g., fibrosis. 5. Complete functional recovery did tak(‘ plac^e in muscles 
proven to be fibrillating by electromyography for \'arious time intervals aitei- 
denervation. 

Jasper (4), employing the monopolar needle electrode, investigated tlie time 
course of electi'ical activity in patients with spontaneously recovering peripheial 
nerve lesions and also in patients following nerve suture. In this study, he lik(‘- 
wise found the first sign of reinnervation to appear in the electromyograph as :i 
decrease or cessation of denervation fibrillation, but in addition, found complete 
electrical silence in some muscles several weeks before^ the appearance of motor 
unit activity. This latter fact he believed showed that the regenerating neiA C 
may arrest fibrillation in the mus(*les before it has matured sufficiently to con- 
duct any impulses. To this end, he computetl the rates of reinnervation for 
various nerves using both electromyographic silence and I’etuin of motoi* unit 
activity in muscles as signs of reinnervation. 

While both Weddell and Jasper observed a deciease in the amount of dc- 
nervation-filuillation prior to beginning motor unit recovery, Weddell’s obscr- 

^ The work described in this paper was carried on under a contract, which had, initially, 
the Office of Scientific Research and Development and, subsequently, the Office of the 
Sur|;eon General, U. S. Army, as financial sponsors. 

Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
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vation conccRiiins tin' cessation of c()nlinii(>ns fibrillation belon' motor unit 
recovery appc'ars more critical, fhis is true because Weddell has emphasized 
the impossibility of measuring ([uantitativ(‘ly the d(T*rease in dener\ation- 
tibrillation without an ex(‘essive number of iK'edlings. Jaspers obseiAation, 
relating complete cJectrical silence with successful neurotization of muscle Tathei 
than with severe morphological changes in it , coidd be of great import an(*e in 
clini(;al diagnosis and prognosis of peripheral neiTe injuries. Jasper, ho\\e\er, 
has neither discussed tl 4 ^ spread of motoi* unit activity in muscles lollo^^ ing neT^ c. 
suture nor has he reported complete funct ional reco\TTy in muscles proven to b(‘ 
fibrillating by electromyography during the period of deiuTvation following 
nerve suturev 

Because of tlie several discrepanci(‘s and (kdiciencies mentioned above, an 
(‘xperiment was devised which would permit a statistical study of the electiical 
activity in the cat’s tibialis anticus muscle following section and immediate 
suture of the sciatic nerve until fun(‘tional r('co\’ery was complete. 

AIai'erial and METHODS. Th(' material consisted of h cats all of which had, 
under nembutal anesthesia, a s(‘ction and an immediate suture of the left sciatic 
ner\'e approximately 4 inches (102 mm.) from the motor point of the tibialis 
anticus muscle. .\t each examination, 4 areas (proximal to distal) of each 
niusch' received a single insertion ol a ne(‘dle ekadrode, thus making a total of 
24 ar(‘as sampled. Using Tippett’s random numlier tallies, a program was pre- 
pared wJiich ensured the obtaining ol data in random se(iuenc('. I h(' temjiei- 
ature of the examining room was maintained at about 75 k., and no pharma- 
cological agemts were administeiud to the animals during tlu' course of this 
investigation. 

4'he first examinations were made' on th(‘ 8th postoperative day and then'after 
at freciuent intervals until the OOth postoperative day at which time tluTe was 
no clinical (‘vidence that complete functional recovery had not occurred. The 
animals were sacrificed on the 9()th postoperative day and subs(‘(iuent histologi- 
cal studies on the distal segnuTits re\'ealed good axis cylinder and myelin sheatli 
formation in all but animal 4. 

rho (‘l('cti'om>’og!'aph uk(*<I lor tliiis in\'t‘stigatiun was oscnlially tho same as 
the one descril)wl by .lasper and Johnston to). H consisted of a incairniJiticr, 
powei’ amplifier, cathode ray oscilloscope', and loud speaker. hJectromyogiams 
\\ere olatained by photographing the tracings on the oscilloscope. I sing the 
monopolar insulated stec-l needle' elee'traele> with refere'iie-e' to an aeljae'cnt skin 
surface lead, we' founel tlie actiem peelemtials or xoltage's in e'at ’s neermal, ele'iu'r- 
vateel, anel re'iime'rc’ateHl ske'letal muse'lc' tee have' the' teelleewing e'haiae te'iistie s. 

formal motor unit action potentialx or roltn(/cx. Xeerimd colueitaiw' muscle in a 
eomple'tely relaxe'el stiite generates nee ceeltages e)f suttie-ie'iit nuignituele' tee be 
receereled by the elee'treemyeegraph. Neermal veiluntaiy muse'le in a state eef e'on- 
trae'tion gemci'ate's veeltage's whieJi are msually eliphasic in e'haracte'i' iinel lange in 
miignitude freem aleout. 500 tee 2tXX) micreeveelts. 'fhe eluratieen eef !i single dipliasie' 
wave is in the eereler eef 5 tee tO msec., anel the e-epe't.itieen fieeniene'y Viiries tieein 
abeeut 5 to 3t) per seceenel. 'rhe-se voltages e-alled “neermed meete.r unit x eelteeges” 
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are readily obtained from all areas of a normal muscle, and because of the long 
duration of a single wave, they produce a characteristic thumping noise in the 
loud speaker (fig. 1-B). 

Fibrillation action potentials or voltages. The voltages elicited from dener- 
vated voluntary muscle are commonly referred to as “filirillation voltages” and 
may be either monophasic or diphasic in character. Tliey range in magnitude 
from about 10 to 100 microvolts, and their repetition frequency varies from 
about 2 to 30 per second. A single wave has a duration of approximately 1 to 2 



Fig. 1. Oscillograms of typical waveforms 


msec., and because of its extremely short duration, sucli a wave produces ii very 

characteristic clicking noitse in the loud speaker (fig. 1-C). 

Nascent (polyphasic) motor unit action potentials or voltages. Dining the period 
of reinnervation, polyphasic w'aves are elicited the peaks ol which aie usually 
very spiked in character. These polyphasic weaves called “nascent motor unit 
potentials” by Weddell, range in magnitude from about 20 to OOO microvolts. 
Their repetition frequency varies from about 2 to 30 per second, and the dur- 
ation of a single wave group is usually in the order of 5 to 15 milliseconds. Be- 
cause of the complexity of these waves, nascent motor unit voltages give rise 
to a very rough sounding noise in the loud speaker (fig. 1-D). 
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Experimental results. Onset and course of fibrillation voltages. In order 
to illustrate in graphic form the onset and course of fibrillation, a bar chart 
(fig. 2) has been constructed. In this chart the height of the black bars in- 
dicates the number of areas having continuous fibrillation voltages expressed as 
a percentage of the total number of areas sampled on any designated postoper- 
ative day. Similarly, the height of the bars with the vertical lines indicates 
the percentage of areas having discontinuous fibrillation voltages. Fibrillation 
voltages were designated as continuous if they persisted for 30 seconds or longer 
after the insertion of the needle electrode, and discontinuous if they lasted for 
less than 30 seconds. 



Post- operative days 


Fig. 2. Bar rliart showing number of areas having fibrillation and motor unit voltages 
expressed as a percentage of the total number of areas examined on designated postopera- 
tivc days. 

Reference to figure 2 shows that on the 8th postoperative clay, 65 pei cent of 
the 24 areas had continiiovis fibrillation and 20 per (;ent had discontinuous fibril- 
lation, thus making a total of 85 per cent of the areas sampled showing some 
fibrillation voltages. The remaining 15 per cent of the areas, hov ever, exhibited 
complete electrical silence on the 8th postoperative day. On the 13th day 
fibrillation voltages were obtained from UK) per cent ol the areas; this condition 
was also present on the 19th, 26th, and 33rd postoperative days. By the 40th 
day only 75 per ct*nt of the areas showed fibrillation voltages, hove^ei, an ex- 
amination 10 days later revealed 91.6 per cent of the areas to be fibrillating. 
Subsequent examinations on the 60th, 70th, 80th, and 90th postoperative days 
showed a gradual decline in the percentage of the areas having fibrillation \ ol- 
tages. Even on the 90th postoperative day, however’, 20 per cent of the areas 
contained denervated muscle fibers as evidenced by^ fibrillation voltages. 

In this experiment we, like Weddell et al. (2) and Jasper (4), obsen ed a definite 
decrease in the number and frequency of fibrillation voltages prior to l)eginning 
motor unit recovery, but were unable to measure this decrease v ith any degiee 
of accuracy, and consequently, we are unable to present it in graphic form. 
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As seen in figure 2, the number of areas having cmlvrvuom fibrillation reached 

iQth flav ^91 6 Der cent) after which there was a gradual de 
a maximum on the 19th day ( 91 ^ I^centj 

Sh pXrative days, no one muscle showed a cessation of continuous fibrill- 
ation in all four areas prior to beginning motor unit recovery. vnltaees 

40th ay a n however fibrillation voltages were again elicited from 

cS them, »d motor unit vollaBe. only from the tem.mmg one. J" 

foX SoT:. no^ttme Z e.«t«eol .ilenc. fonnd in .11 four .re.e o, 
°'1ZZZ »«r« 0/ m»nl ^ -nit Mme,. The mttm ot motor unit 

were recorded until the 40th postoperative day. ‘1".„ r . g3 p,., 

csiior -ri r:,;“ “ s -'ss? 

day 7M per cent of the .re» had nareent form., while 12.4 O'' 
ho£ naacL and noonal forma. Sribrequent — 

-r ‘T'f liir 

C'zr.rre:rrp=ytss^^^ 

had beginning motor unit recovery as early as the 40th postoperauv y, 
iS; oLr frve did no. have beginning motor nmt 

portoperative day. hhirtoennor,, «r. motor the 

days in one muscle which did not show beginning motor unit recoveiy un 

50th postoperative day. 
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The appearance of ^‘nascent’’ motor unit voltages preceded unequivocal 
functional recovery by different intervals of time varying from 9 to 16 days. 
In assessing the return of voluntary motion, a minimal movement of the tibialis 
anticus tendon was taken as the end-point. In general, when motor unit vol- 
tages were recorded on the 50th postoperative day, functional recovery was 
definite at about the 62nd postoperative day. When functional recovery was 
definite, five of the muscles had motor unit activity in all lour areas, and the 
remaining muscle had this activity in two areas. Once started, functional re- 
covery progressed very rapidly; conseciuently, no weakness could be detected by 
clinical methods in any of the muscles on the 90th postoperative day. 

Rate of reinnervatiori as assessed by electromyography and return of voluntary 
motion. Although Outtman et al. (6) and Seddon et al. (7) have pointed out the 
many fa(‘tors to be considered in establishing the rate of reinneiY^ation of muscle, 
we have elected to use Jasper’s (4) simplified method for the purpose of making 
comparisons with his data. IJiis consists of dividing the length of the distal 
segment in millimeters by the time elapsed since surgery in days for beginning 
motor unit recovery, s\ibtracting 10 days for delay at tlie scar. I sing the above 
formula and l)eginning motor unit recovery as the first sign of reinnervation, 
ANU have found the rate of reinnervation to range from 2.52 mm. per day to 2.96 
mm. per day, the mean being 2.61 mm. per day. vSimilarly, when a detectable 
movement of the mus(‘le was used as the first sign of reinnoi’vation and applied to 
the above formula, the rate of reinnervation was found to range from 1 .8 mm. per 
day to 2.2() mm. per day, the mean being 2.02 mm. per day. 

DisfvussiON. In this investigation fibrillation voltages weie lecoi’ded through- 
out the lengths of all of the muscles for A'arious intervals of time after dener- 
vation, and in particular, continuous fibrillation voltages were recorded for 
various time intervals. As reported previously by Weddell et al. (2) and .Jasper 
(5), a definite but unmeasurable decrease in the number and freciuency of fibrill- 
ation voltages was noted prior to beginning motor unit recovery. While we did 
observe a steady decrease in the number of areas exhibiting continuous fibrillation 
prior to beginning motor ifnit recovery, we failed to find a cessation of continuous 
fibrillation in all areas of any one muscle as reported by W eddell (1). 

Although ('lectrical silence was observed in 15 per cent of the areas on the 8th 
postoperative day, fibrillation voltages were recorded five days Later from all of 
these previously silent areas. Of the four electi'ically silent areas observed on the 
4()th postoperative day, motor unit voltages only were elicited from just one on 
the 50th postoperative day, and at no time was electricail silence found in all four 
areas of any one muscle. From these data on the experimental animal (cat), 
electrical silence has not been found to bear a close correlation with either se\^ere 
morphological changes in muscle or beginning motor unit recovery as reported 
by Weddell et al. (1) and Jasper (4), respectively. From the evidence at hand, 
no interpretation should be placed on electrical silence per se unless the presence 
or absence of muscle tissue is first ascertained by some other means, e.g., electri- 
cal studies or muscle biopsy. 

The motor unit voltages associated with beginning motor unit recxn ery were 
in all instances of poly phasic wave form as reported by other workers. Ihe 
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time interval required for the spread of motor unit activity throughout ^e 
muscles (motor unit spread interval) ranged from 10 to 20 days, the mean bemg 
11.66 days. The duration of the motor unit spread interval after nerve suture 
in the cat was somewhat longer than the one reported by Femstein et a . ( ) 
after nerve crushing in the rabbit (5 to 6 days), and about the same ^ the one 
reported by these workers after nerve crushing in the human being (12 days). 
The explanation for these differences in duration of the motor.unit spread in- 
terval in various mammals is not at hand, but the lengths of the muscles ^d the 
species of the mammal are undoubtedly contributing factors. Althou^ com- 
plete functional recovery did follow in all muscles having a relatively short 
motor unit spread interval, more evidence is needed to presage an ’nverse re- 
lationship between the duration of the motor unit spread interval and the per- 

centage of functional recovery. . , 

Beginning motor unit recovery preceded unequivocal functional recovery in 
all instances, and when unequivocal functional recovery was present, motor unit 
voltages were elicited from all four areas of five muscles, and from two areas in 
the sixth. The time interval between lieginning motor unit recovery and un- 
equivocal functional recovery (functional delay inteiwal) ranged from 9 to 16 
days in the cat with a mean of 12 days. Weddell et al. (2) observed the func- 
tional delay interval to range from 2 to 15 days after nerve cmshmg, and from 
90 to 120 days after delayed suture in the human being. Ihey consi ei . e 
duration of the functional delay interval to be a function of several factors in- 
cluding “quality” of reinnervation, anatomical position and action of the rein- 
nervated muscles, and the change in destination of many axons in the course of 
reinnervation. However this may be, they do report complete functional 
recovers' in the muscles after nen'e crushing, but have failed to state when a,nd 
if it did occur after delayed suture. In one case of delayed suture m which the 
functional delay interval equaled 14 days, they did observe go<^ power m the 
muscle 35 days after the first detectable movement. Again, insufficient evidence 
is at hand to presage an inverse relationship between tlie functional delaj in- 
terval and the percentage of functional recovery; however, complete lunctiona 
recovery either occurred or was anticipated in all instances when the functional 

delav interval was of relatively short duration. 

Once started, functional recovery progressed very rapidly and by the 90th 
postoperative day no weakness could be detected clinically in any of the^ 
muscles. This fact is of particular interest because fibrillation voltages were 
recorded from twm of the muscles, and polyphasic (nascent) motor unit voltages 
were recorded from some areas in all of them on the 90th postoperative day. 
Ill other wo’.ds, complete functional recovery preceded complete electromyo- 
graphic recovery in all instances. 

Using beginning motor unit recovery as a sign of reinnervation, 'v^ e ave 
the rate of reinnervation to range from 2.52 to 2.96 mm. per day vit a mean o 
2.61 mm. per day. Jasper (4) found this rate for the peroneal nerve 
man being to range from 0.6 to 3.4 mm. per day with a mean of 
For all other nerves (ulnar, radial, median, and posterior tibial) h 
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rate to range from 0.8 to 5.0 mm. per day with a mean of 2.56 mm. p>er day. 
Although Jasper has not reported a direct relationship between the rate of re- 
innervation and the percentage of functional recovery, he does report an inverse 
relationship between the rate of reinnervation and the time interval between 
nerve injury and nerve suture (suture delay interval). Young (8) reported an 
inverse relationship between a prolonged suture delay interval and the effective- 
ness of the result, and considers shrinking of the schwann tubes and atrophy of 
the muscles to be of paramount importance in preventing an effective result. 
From the w^ork of Young (8) and Jasper (4), one may therefore deduce a direct 
relationship between the rate of reinnervation and the percentage of functional 
recovery. Whether or not a slow rate of reinnervation w^ould in all instances 
presage incomplete functional recovery, we cannot say at this time, but w'e did 
obseiw’e complete functional recovery in all muscles w'hen the average rate of 
reinnervation (using beginning motor unit recovery as a sign of reinnervation) 
w^as 2.61 mm. per day. 

Althougli Langley (9) (1916) and Tower (10) (1939) considered denerv^ation 
hbrillation to contribute markedly to denervation atrophy, more recent w'ork 
(11) and Feinstein et al. (3) failed to show' the existence of such a relationship 
betw'een denervation fil)rillation and denervation atrophy. How'ever this may 
be, too much emphasis has been placed upon the role of fibrillation as related to 
atrophy and too little upon the i-61eof fibrillation as related to ultimate functional 
recovery. In the present exfxuiment, we observed complete functional re- 
covery in all muscles even thougli they w'ere proven by electromyography to be 
fibrillating for various time intervals after denervation. Weddell et al. (2) 
(1944) found continuous fibrillation to be absent in denervated muscles im- 
mobilized for prolonged periods of time (5 mo.), but were able to re-establish 
continuous fibrillation in these muscles with vigorous physiotherapy in the form 
of radiant heat, massage, galvanic stimulation, and passive movements. 

Chor et al. (12) made histopathological studies on denervated muscle (macacus 
rhesus monkey’s gastrocnemius-soleus) immobilized lor various periods of time„ 
and reported longitudinal striations to be apparent as a result of cleavage be- 
tween small bundles of myofibrillae tw o Aveeks aftei' deneiw ation. At the end of 
six Aveeks the degeneration of the myofibrillae Avas veiw' prominent and the 
striations Avere no longer visible in many fibers. At this time the muscle cells 
had been converted into granular structures in which A'acuoles were seen as 
eviden(^e of severe breakdown. TAvelve Aveeks after denervation there Avas 
marked fibrosis of the degenerated muscle fibers; hoAvever, a few^ residual seg- 
ments of muscle fibers undergoing transformation into fil 3 rous tissue AAcre noted. 

ToAver (13) (1935) reported the progressive histological changes in non-im- 
mobilized skeletal muscle (cat’s interossei) following denervation, l)ut observed a 
generally normal appearance of the contractile element of the muscle fibers 
the myofibrillae— tAvo Aveeks after denervation. Tavo months after denervation 
a fading of the cross striations Avas noted but the contractile and the oi*ienting 
mechanism were still in Avorking order. At four montlis Tower reports the 
emergence of ‘^fibrotic de-differentiation.” By comparing these progressive 
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histological changes in immobilized and non-immobilized skeletal muscle, one is 
impressed with the rapid rate of degeneration in the immobilized muscte. 

While a species difference may conceivably account for part of the rapid de- 
eeneration in these immobilized muscles, immobilization itself appears to have 
been the fundamental factor. This fact is given additional support by the work 
of Huddleston et al. (14) who observed prolonged immobilization of denervated 
muscle (dog’s tibialis anticus and gastrocnemius-plantaris) to interfere m some 
way with subsequent reinnervation and ultimate functional recovery. Althoug 
these workers did not studv the electrical activity of the muscles, the findings of 
the present experiment together with those of Weddell et al. (2) entitle one to 
presume the absence of continuous fibrillation in the immobilized muscles and its 

presence in the non-immobilized controls. . 

From the evidence presented one may adduce that continuous fibnllation is a 
physiological response of skeletal muscle to denervation, and for this reason it is 
of paramount importance in maintaining deneivated skeletal muse e as con- 
tractile tissue during the denervation period. Expressed somewhat differently 
fibrillating denervated skeletal muscle is contractile tissue having the physical 
capacity for reinnervation. With these thouglits in mind, there appears to be a 
sound physiological basis for prescribing only those physical and chemuial agents, 
during the period of denervation, which are known to enhance continuous fabril- 

latioii. 


SUMMARY 

An investigation was made concerning the time coui-se of elect rical activity m 
the tibialis anticus muscles of six cats after section and immediate suture ot their 

Fibrillation voltages were recorded througliout the lengths of all muscles for 
various time intervals following denervation. There was a definite but un- 
measurable decrease in the number and frequency of fibrillation voltages prior to 
beginning motor-unit recovery. There was a decrease in the total number of 
areas showing continuous fibrillation, but there was no cessation of continuous 
fibrillation in all areas of any one muscle prior to beginning motor-unit recovery. 

Electrical silence did not bear a close correlation with either severe morpho- 
logical changes in muscle or beginning motor-unit recovery. The motor-unit 
voltages associated with beginning motor-unit recovery were m all instances 
of polyphasic wave form. 

The average duration of the motor-unit-spread interval was ll.fib days, ile- 
PpnTim g motor-unit recovery preceded unequivocal functional recovery m a 
instances. Motor-unit voltages were elicited from all four areas m five muscles 
and from two areas in the sixth when the muscle showed uneijuivocal functional 
recovery. The average duration of the functional delay interval was 12 days. 

Complete functional recovery preceded complete electromyographic recovery 
in all instances. The average rate of reinnervation (using begmnmg motor-unit 
recovery as a sign of reinnervation) was 2.61 mm. per day. Complete func- 
tional recovery occurred in all muscles even though they were proven by electro- 
myography to be fibrillating for various time intervals after denervation. 
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Osmotic disturbances in body fluids have been shown to give rise to lenticular 
changes in the eye, such as the cataracts which appear in the rat within a space of 
tZZ after ^venous injection of galactose (1). The transient cataracts m 
Sts after decompression are also thought to be due to an osmotic upset resulting 
from an increase in the lactic acid content of the aqueous (2). Cataracts also 
develop gradually in rats maintained on a diet containing a large percentage o 
lactose or galactose (3). The galactose-fed rats develop cataracts earlier than 
kctie-fed rats, and the speed at which the cataracts develop depends on the 
percentage of galactose in the diet (4). It is claimed that m this condition there 
K decreased permeability of the lens capsule, and this accentuates the osmotic 

difference between the lens and aqueous humor (5). , 

The high incidence of cataract and refractive change in human diabetics has 
therefore been attributed to abnormal osmotic relations ot the "‘J"' 

sequent upon the high blood sugar. In the course of an investigation of this 
aZtion it was desired to ascertain whether local osmotic changes within the 
eVeball as well as general systemic osmotic disturbances could cause lenticular or 

'"S untrnembutal anesthesia were chosen for the experi.nent, since with 
atropine cyclopegia the cat’s eye can be readily refracted, and the range of ac- 
commodation upon nerve stimulation has been found to be as muc^ as 8.00 D 
under these conditions. In a few instances dogs under nembutal were also 
used. For the experiment the skin at the lateral canthus was cut away sui- 
Liently to expose a small area of sclera, and by rotating the globe nasalwar Is, a 
portion posterior to the eipiator was made accessible. Injection ^ 
various tonicities was made into the vitreous. It was found that corneal c ou 
ing resulted from the increased intra-ocular pressure when the volume of the 
infected fluid exceeded 0.25 cc. Therefore volumes ot 

the tests and in no case was corneal clouding observed with mjections of th s 
amount of fluid. Both hypo- and hypertonic solutions^ were used, on the as- 
sumption that, if any changes did occur and these were the result 
motfc relations, they would vary with the tonicity of the injected fluid. The 
aolutions tried were 1, distilled water; 2, physiological- saline or 
tion; 3, 1.5 per cent NaCl, and 4, a glucose solution equivalent osmotically to 
the previous^lt solution. Refractive changes were determined by retmoscopy 
and the ocular media were examined ophthalmoscopically. the 

Injection of 0.2 cc. of each of the above fluids mto the 
same effect in every case, viz., a transient refractive c^nge of !.(» to 3.W D m 
the direction of hypermetropia, but there was no mdication 
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cataract. This induced hypermetropia regressed rapidly in the first few minutes, 
then more gradually until the normal refractive value was reached in from 12 to 
20 minutes after the injection. Typical results are shown in table 1. 

It is evident that the tonicity of the injected fluid is not the important factor in 
bringing about this refractive change. Neither is it the result of trauma, since 
merely piercing the globe with a needle without injecting any fluid produces no 
demonstrable refractive change in the eye of a deeply nembutalized cat. The 
reaction does not involve the sympathetic nerve supply to the eye — stimulation 
of which causes the lens to flatten and thus to produce hypermetropia (6)™ 
since the result was obtained on injection of fluid into the vitreous after the cor- 
responding superior cervical sympathetic nerve had been severed in the neck. 
It does not appear to be the mechanical result of increased pressure distorting the 
shape of the globe, since the effect is in the direction of hypermetropia, not my- 
opia as one would expect from a stretching of the envelope of the eyeball. Nor 
is it the result of a forward displacement of the lens since this should also pro- 
duce myopia rather than hypermetropia. 


TABLE 1 



SOLUTION INJECTED 

EEFEACTIVE CHANGE IN DIOPTEES 

Cat 1 

K. eye, 1.5% NaCl 

-hi. 00 


L. eye, normal saline 

+1.50 

Cat 2 

R. eye, distilled water 

+ 1 . 25 


L. eye, normal saline 

+0.75 

Cat 3 

R. eye, dextrose solution 

+1.50 


L. eye, normal saline 

+ 1.25 


Tliere remains the possibility that some vascular change within the eyeball 
might affect the shape of the lens, such as the forcing of blood out of the relatively 
rigid globe by the introduction of fluid under pressure into it. If this were the 
case, there might be some correlation between the degree of hypermetropia in- 
duced and the state of the blood vessels within the globe, or the ease with which 
blood could leave the eye. Since general vasodilatation may be produced by 
inhalation of amyl nitrite and general vasoconstriction by intravenous injection 
of adrenaline, the effect on the phenomenon of these two drugs was tried. 

Refraction of the eye of the nembutalized cat while the blood pressure was low 
immediately after inhalation of amyl nitrite showed that there was a tendency for 
a slight degree of myopia to develop at this time. This effect was not always 
observed, however, but if a refractive change did occur it was always about 
— 0.50 D. If, while the blood pressure was still low, 0.2 cc. of fluid was injected 
into the vitreous, there was now either no accompanying refractive change, or a 
change in the direction of hypermetropia of no more than +0.50 D (10 ob- 
servations). In other words, the state of general vasodilatation in the body 
diminished or abolished the usual hypermetropic effect of injection of fluid into 
the eyeball. This nullifying action was transient, lasting only as long as the 
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blood pressure remained low, since in one animal, which had shown no refractive 
change on injection of fluid into the vitreous during the time tho blood pressure 
was low, injection of fluid into this same eye as soon as the blood pressure had 
risen to normal produced +0.75 D of hypermetropia, in spite of the globe having 
been previously punctured. 

Intravenous injection of 0.2 cc. of a 1:1000 solution of adrenaline, on the 
contrary, caused a refractive change of as much as 2.50 D in the direction of 
hypermetropia along with an elevation of blood pressure. If, while the blood 
pressure was high, fluid was injected into the vitreous, there was still further 
refractive change of +3.00 D to 4.00 I) in the siime direction (5 observations). 
Still greater changes up to +18.00 D were observed with more massive doses of 
adrenaline (2 observations). In other words, during the state of general vaso- 
constriction, the effect of the injection of fluid into the eyeball was markedly 
enlianced. 

A similar augmentation of the effect of injection of fluid into the eyeball was 
observed on stimulation of the cervical sympathetic nerve in the neck. The 
results of oiie experiment are given in tal>le 2. 


TABLE 2 



REFRACTION 
AT BEGINNING 
OF EXPERI- 
MENT 

REFRACTIVE 
CHANGE ON 
STIMULATION 
OF CORRE- 
SPONDING SYM- 
PATHETIC 
NERVE 

0.2 CC. SALINE 
INJECTED INTOR. 
EYE ONLY; RE- 
FRACTIVE 
CHANGE 

REFRACTIVE CHANGE ON STIM- 
ULATION OF CORRESPONDING 
SYMPATHETIC NERVE 

REFRACTIVE CHANGE ON IN- 
TRAVENOUS INJECTION OF 3 
CC. 1 : 1000 ADRENALINE 

R. eye 
L. eye 

4-1.00 D 
4-1.00 D 

+2.50 D 
+2.50 13 

+2.50 I) 

about +18.00 D 
+ 2.50D 

about +18.00 13 
+ 2. SOD 


All these observations are in accord with a theory foi’ the mode of action of the 
cervical sympathetic recently described by one of us (7), viz., that changes in 
tension on the suspensoiy ligament, and therefore the shape of the lens, are re- 
lated to changes in the volume of the ciliary body, which in turn depends upon 
the amount of blood present in this organ, one of the most vascular st ’uctures in 
the body. The theory postulates that constriction of the blood vessels in the 
ciliary body so diminishes the volume of this structure that the ring of tissue 
shrinks back toward the sclera and thus helps to increase the tension on the 
suspensory ligaments and flatten the lens. When the vessels of the ciliary body 
are engorged and its volume increased, the tension on the suspensory ligaments 
is diminished, and the lens tends to round out. It has been pointed out that 
this theory is an application to the ciliary body of the theory of action of the iris 
in producing dilatation and constriction of the pupil proposed by Langworthy 
(8) for which he has brought forward many convincing arguments. 

SUMMARY 

Injection of small amounts of solutions of various tonicities into the vitreous 
of the cat’s (or dog’s) eye does not cause the appearance of cataract, but pro- 
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duces a transient state of hypermetropia. The effect is greatly diminished 
during general vasodilatation induced by inhalation of amyl nitrite, and in- 
creased during general vasoconstriction induced by intravenous injection of 
adrenaline, and during cervical sympathetic nerve stimulation. These results 
are consistent with the theory that accommodative changes in the eye are in- 
fluenced by changes in the volume of the ciliary body consequent upon changes 
in its blood content. 
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It has been shown that a region of localized injury on heart muscle is electro- 
negative with respect to resting uninjured muscle when the muscle is at rest and 
becomes electropositive with respect to the same reference when the surrounding 
muscle goes into activity (1). It has further been shown that the potential 
changes resulting are sharply localized in the region of injury or the immediate 
contiguous tissue (2). It was postulated that these potentials arise as the result 
of concentric rings of charges which reverse their polarity when the surrounding 
muscle goes from an inactive to an active state (1). The present study repre- 
sents an attempt to determine some of the electric characteristics of this process 
by the application of simple electrophysical laws. 

If the region of injury maintains electrical charges as implied above, it should 
show the following relations. If Eo represents the potential with infinite short 
circuiting resistance, Ei the potential developed with a finite short circuiting 

E 

resistance = Ri, then the current flow is /i = ^ and the impedance is r = 
Eq — El _ o Eo — El 

■ . . , , ^ • 

These relations, which are applications of Ohm^s law, are commonly used in 

the determination of the internal resistance or impedance of batteries. It is to 
be noted that they give no information regarding the nature of the impedance 
but only its absolute value. They have been previously applied in at least one 
physiological study, that of the estimation of impedance in single fibers of skeletal 
muscle (3). 

Methods. The experiments have been carried out on the ventricles in situ 
of large specimens of the snapping turtle (Chelydra serpentina) and on the ex- 
posed ventricles of the dog’s heart. Injuries were produced in all cases by suction 
applied by means of a vacuum pump to a region of the surface of 1.5 or 3.0 mm. 
in diameter. This method of injury, first used by H. C. Wiggers (4), is superior 
in our experience to any other method, in that potential curves are obtained 
which are or approximate closely a simple monophasic curve of reproducible con- 
tour. In previous work we have employed a glass T tube with a zinc-zinc sul- 
phate electrode provided with a wick to make contact with the heart inside the 
tube. It soon became apparent however that this type of electrode polarized 
under the relatively large current flows that are obtained when the circuit is 

^ Supported in part by the Research Committee of the Graduate School from funds sup- 
plied by the Wisconsin Alumni Research Foundation and by the Brittingham Research 
Fund. 
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loaded with a relatively low resistance. Glass tubes of approximately 1.5 cm. in 
diameter were drawn out to a terminal internal diameter of 1 .5 or 3.0 mm. Discs 
of platinum of about 1 cm. diameter and continuous with, a strip of the same 
material several centimeters in length were platinized and sealed in the tubes by 
means of a rubber stopper and cement. A glass tube through the stopper pro- 
vided for connection to a vacuum pump to produce the suction injury. The 
electrode was filled with Ringer's solution sufficient to cover the disc and placed 
on the heart surface. The large conducting surface of the electrodes reduced 
current density and electrode polarization to the point that the latter did not 
occur until the resistance across the input of the amplifier was of the order of 100 
ohms or less. Polarization of the electrode when it occurred was easily recog- 
nized by distortion of the curve. 

The platinum electrode applied to the heart was paired with a plate of platin- 
ized platinum applied to the pelvis or hind leg. The electrodes led to the input 
of a 4 stage direct coupled amplifier and cathode ray oscillograph. The amplifier 


TABLE 1 


Effect of decreasing the value of Ri {loading resistance) on maximum current flow and 
impedance in a typical experiment (turtle) 


LOADING RESISTANCE 

IN OHMS 

Eo IN 10-* VOLTS 

Ej IN lO"* VOLTS 

II IN 10~* AMPERES 

10« 

5 X 103 

45.5 

29.50 

5.88 

2 X 103 


17.60 

8.80 

103 


10.70 

i 10.70 

5 X 103 


5.27 

10.50 

103 


1.05 

10.50 


IN 10» OHMS 


2.72 

3.18 

3.25 

3.83 

4.23 


nput had a resistance of a million ohms across the leads. This we have regarded 
as ^‘infinite" resistance or “zero" load. By a switching arrangement any desired 
lower resistance, usually of the order of two thousand ohms, could be placed 
across the input. This was the “loading" resistance or the factor Ri and by its 
insertion the potential recorded was reduced from Lo to Ei. All records were 
calibrated in millivolts and the determination of the values Eo and Ei gave the 
basis for the calculation of h and r. Measurements of the curves were made with 
a comparator provided with micrometers and 40 X magnification (5). 

Results. The effects of decreasing the value of Ri loading resistance ). As 
the load is increased by decreasing the loading resistance the maximum cuirent 
flow rises within limits and then tends to remain constant or decrease slightly. 
The impedance rises continuously with increase in load. A typical example con- 
cerned with the maximum injury potential from a turtle's heart is shown in table 1 . 

After the data given in table 1 were obtained the electrode was removed from 
the heart and placed in body fluid near the heart. The impedance of the elec- 
trode system not including heart muscle was 2.27 X 10^ ohms. 

The voltage j maxwiwrn current flow and impedance during the negative and during 
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the positive phases of the injury potential. The suction electrode was placed on 
the heart and suction carried out while the record was being made. Normal uni- 
polar action potentials were thus secured before the region was subjected to in- 
jury. The level of potential of resting heart muscle before injury was produced 
was continued into the injury curve and made possible an examination of these 
two phases. The first phase is the change in potential from the electronegative 
state during rest to the level of the reference potential. The second phase in- 
cludes the change of potential from the reference level to the maximum electro- 
positive state at the injury potential peak. The results from the statistical 
analysis of 54 determinations made in 7 turtles are given in table 2. It is apparent 
that the potential developed and the maximum current flow are significantly 
greater while the impedance is lower during the electropositive than during the 
electronegative phase. 

Changes in potential^ current flow and impedance with time. Figure 1 shows the 
potential, current flow and impedance of an injury on the ventricle of a turtle 
during the period when the muscle surrounding it is in activity. The data for 


TABLE 2 

Potential, current flow and impedance during the electro-negative and during the electro -positive 
phases cf cardiac injuries (turtle) 



ELECTRO-NEGATIVE PHASE N = 54 

ELECTRO-POSITIVE PHASE N = 54 

Eo in 10“> 
volts 

Ii in 10-« 
amperes 

r in 10® 
ohms 

Eo in 10-» 
volts 

Ii in 10-« 
amperes 

r in 10» 
ohms 

Means 

21.35 

3.83 

4.00 

30.25 

8.55 

1.59 

Standard error of means 

d:0.74 

±0.16 

±0.30 

±0.78 

±0.26 

±0.07 

Standard deviation 

±5.44 

±1.21 

±2.23 

±5.72 

±1.88 

±0.50 

Coefficient of variation 

25.4 

31.6 

55.6 

18.8 

22.0 

31.4 


this figure were obtained by dividing the injury potential curve into 105 arbi- 
trary time intervals and measuring at each interval the values of Eo and E\. The 
potential of the injured region rises rapidly from a negative value of 25 mvg. to 
approximately the same positive value. The current at the start of the potential 
change is approximately 10 microamperes and falls rapidly to zero. It rises 
rapidly to approximately its original level as the potential reaches its maximum 
positive value and then declines at first gradually and later more rapidly to again 
reach zero ^s the potential changes from a positive to a negative value. The 
impedance is indeterminate when the current flow is zero and the curve of im- 
pedance shows two points of discontinuity. Following the first of these it is of 
low value and rises at first slowly and then more rapidly to reach a high value as 
the current falls toward zero. This rapid rise in impedance appears to be in 
large part responsible for the rapid fall in current during this period. Following 
the second reversal of potential the impedance is relatively low and is maintained 
nearly constant throughout the period of resting injury potential. This part of 
the cycle, because of the constancy of the variables during this period, has not 
been included in the figure. 
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We have made charts in five other instances from similar material with similar 
results, the curves differing from those reproduced here in only minor details. 

The effect of size of injury on current flow and impedayice. The results from 51 
injuries with an electrode of 1.5 mm. aperture as compared with 54 injuries with 
an electrode of 3.0 mm. aperture are given in table 3. There is insignificant 
difference in mean voltage in the two series while the current flow is significantly 
greater and the impedance significantly less with the large area of injury. The 
loading resistance used in all cases was 2 X 10^ ohms. 

Comparison of injuries singly and in parallel connection. These experiments 
were carried out in the following manner. Two suction electrodes of the type 
described were used to produce two injuries simultaneously. Each was recorded 
singly unloaded {R = 10® ohms) and loaded (/fi = 2 X lO"" ohms) and then by 
a switching arrangement the two injuries were placed in parallel and curves made 
unloaded and loaded. An example of the curves obtained by this procedure is 
given in figure 2. The two upper curves are potential time records of the two 
single injuries before and after applying the loading resistance. The lowest curves 


TABLE 3 

Effect of size of injury on current flow and impedance of the combined electro-negative and 
dectro -positive phases of the injury (turtle) 



INJURY 1.5 MM. IN DIAMETKRN - 51 

INJURY 3 MM. IN DIAMETER N = 54 


Eo in l(r » 

Ij in 10-« 

r in 10=' 

Eo in 10-» 

Ii in 10”« 

r in 10® 


volts 

amperes 

ohms 

volts 

amperes 

ohms 

Means 

49.68 

9.71 

3.14 

51.62 

12.38 

2.19 

Standard error of means 

±1.10 

±0.22 

±0.09 

±1.13 

±0.32 

±0.09 

Standard deviation 

±7.87 

±1.59 

±0.65 

1 ±8.28 

±2.35 

±0.37 

Coefficient of variation 

15.7 

16.3 

20.6 

16.0 

19.0 

16.9 


are similar records with the two injuries in parallel. Ihe statistical analysis of 
the results from 68 single and 34 parallel injuries in the turtle and from 68 single 
and 34 parallel injuries in the dog is given in tables 4a and b respectively. In 
both it appears that ^vith the injuries in parallel the voltages developed are not 
significantly different, while there is increased current flow and lower impedance 
with injuries in parallel thanjn the single injuries recorded separately. 

Potential, current flow and impedance during the QRS period of action potentials. 
Data from unipolar action potentials recorded with the electrode of 1.5 and 
3 mm. diameter are summarized in table 5. These data were derived by 
determining the total voltage change during the QRS period without load (/? = 
10« ohms) and after loading {Ri = 2X10’ ohms) in the usual manner, the suction 
electrode being used before suction was applied. After a few normal cycles suc- 
tion was applied and the data on injury potentials obtained which are summarized 
in table 3. 

Discussion. Although in cardiac injuries produced by suction, monophasic 
potential-time curves of similar contour are consistently obtained they may differ 
in total voltage, relative time of onset, and are subject to the usual variations 
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common to any physiological experiment. Because of this it early became 
apparent that valid conclusions could be drawn only from a relatively la^ 
amount of data analyzed statisticaUy. In addition to the data pre^nted in t e 
tables, total correlations were made in all cases between the variables and t e 
significance of differences between means tested by use of the critical ratio. 
Correlations between £o, jBi, h and r were in all cases such that 
of the correlation being due to chance was less than one m a hmdred t 
except as noted below. As expected the correlations between Eo, Ex and 7i were 
positive, those between h and r negative. Two correlations, both involving / 
and r, one in parallel injuries in the turtle and the other in parallel injuries in the 
dog, had levels of significance of P>0.01 <0.05. The determination of the 


TABLE 4 

Potential, current flow and impedance of injuries in eingle and parallel connections 


SINGLE INJURIES N 

- 68 

1 

1 INJURIES IN PARALLEL N * 34 


Eo in 10 * 

1 volts 

Ii in 10-« 1 
' amperes 

r in 10* j 
ohms 

Eo in 10-* Ij in lO"* 
volts amperes 

r in 10* ohms 
Observed Calculated 


a. Turtle 


Means 

48.27 

7.60 

4.52 

44.93 

10.27 j 

2.40 

2.22 

Standard error of 

means 

Standard deviations. 

±1.50 

±12.38 

±0.32 

±2.62 

±0.09 

±0.75 

±1.79 

±10.43 

±0.44 

±2.57 

d d 
-H -H 

±0.05 

±0.28 

Coefficient of varia- 
tion 

25.6 

34.5 

16.5 

23.2 

25.0 

15.4 

13.2 


b. Dog 


Means 

75.84 

18.29 

2.20 

75.87 

24.22 

1.15 

1.09 

Standard error of 

means 

Standard deviations. 

±1.63 

±13.41 

±0.44 

±3.63 

±0.51 

±0.48 

±2.03 

±11.81 

±0.63 

±3.65 

±0.04 

±0.22 

±0.04 

±0.21 

Coefficient of varia- 
tion 

17.7 

14.4 

21.8 

15.5 

15.0 

19.0 

19.2 


significance of difference between means involved the means of Ee, h and r with 
the electrodes of 1.5 and 3.0 mm. and between the same f 

parallel connections in the turtle and the dog. The mean of the Eo S differed by 
an amount which could be accounted for by chanw at the prob^ihty tevel o 
0.16 to 0.99 and these differences are regarded as insignificant. The difference 
between the means of the //s and r^s were all above P <0.0000 and are regarded 
as significant. The results obtained by statistical analysis of the data are in 
agreement with the postulates made in reference to the nature of the electncal 
phenomena of an injured region. 

The maximal potential developed and maximal current flow of comparable 
ventricular injuries in turtles and dogs are considerably less in the former animal, 
while the impedance in the turtle is higher than in the dog (tables 4a and b). 
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The impedance as determined represents the impedance between the two elec- 
trodes, including the impedance of the heart and the impedance of the suction 
electrode. The suction electrodes used were all of the same pattern and differed 
only as to the area of contact with the heart muscle. The impedance of the 
suction electrode itself is small, less than 100 ohms, and the impedance of the 
body between the electrodes, exclusive of the heart, may be regarded as relatively 
constant during the course of an experiment. The principal variable factor in 
regard to impedance in these experiments is in the heart. 




Fig. 1. Voltage, curreiil- flow and impedance changes in an injured region on the ventri- 
cle of a turtle during the systolic period. Description in text . 


In measurements of impedance in heart muscle by the use of an outside source 
of power in the form of an alternating current applied through a bridge network, 
it was recognized that contraction of the muscle by increasing its thickness may 
of itstdf increase the impedance. 1 n order to avoid this workers using this method 
(6, 7) have made their measurements with preparations contracting isoraetrically, 
either ventricular strips or the whole ventricle. The impedance in the present 
work is determined by using the heart itself as the power source without the 
application of any outside applied power and the intact heart in situ contracted 
in the normal isotonic manner. Changes in impedance which may be in part due 
to alterations in thickness of the muscle are those which occur in the heart (‘on- 
tracting in a normal manner. All of our determinations of impedance, except 
those made throughout the systolic period, as illustrated in figure 1 , have however 
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been made at comparable periods in the contraction. It has previously been 
shown that the injury potential-time curve from any region of heart muscle bears 
a close relation to the onset of contraction in contiguous regions of normal muscle 
(8). (hn traction begins at or near the point where the injury potential changes 
from a negative to a positive value. The results summarized in table 2 were 
derived from measurements made at two periods, the maximum potential change 




TABT.K 5 


Aciion potentials {unipolar leads) of turtle veninelc 


I Ll CTROUl; 1.5 MM. IN DI.VMKTI.R 
N = 51 


ELKCTKODF. 3.U MM. IN DIAMETER 

N - 54 


jMeaiis 

Standard (MTor of means 

Standard deviation 

Coefficient of variation.. 


Eo in ur-i ! 
volts 1 

h in H)» 1 
amperes 

r in 1(P 
ohms 

12.52 1 

’2.03 

5.12 

±0.51 

±0.13 

±0.45 

±:c(>o 

1 ±0.01 

±3.23 

23. S 

i 14.7 

63.0 


Eo in 10 " i 

Ii in 10 ® 

r in 10:‘ 

vol t s 

amperes 

ohms 

I 13. 5S 

3 . 16 

2.51 

±0.61 

±0.17 

±0.19 

±4.48 

±1.27 

±1.37 

33.0 

i 40.0 

55.0 


preceding aiul the maximum potential change following the point of potential 
reversal. In all other instanecs the total potential ehangi; from its maximum 
negative to its maximum positive value was used tor the ealeulation ot the im- 
pedanee. Action potentials in general show much greater variations than do 
injury potentials as is evidenced by the larger coefficients of variation in the 
former (tables 3 and 5b However, as in injury potentials, the use of the large 
electrode is associated wnth significantly greater current flow and diminished 
impedance as compared with the smaller electrode. Significant correlation co- 
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efficients are also ol)taine(l bet wcien the varial)les and / 1 and v. On coinpai iiig 
action and injury potentials from th(‘ same i-ej^ion (tables 3 and 5) it is obvious 
that the voltage developed and the maximum current flow is greater and the 
impedance less in the injury potentials than in the action potentials. Attempts 
to determine whether any (*orrelation exists between the voltage, (*urrent and 
resistance in the action potential and in the injury potential from the same region 
led to uncertain results. ( ^irrelations between th(‘ t^^'o using the 3 mm. electrode 
were significant at tlu' 0.05 to 0.01 level. Howevei’, correlations lietween the 
two using the 1.5 mm. electrodes w(‘re entirely insignificant. 


SUMMARY 

Measurements of voltagiu current flow and impedance have' lieen made from 
injured regions of verdricular muscle of th(‘ turtle and dog and during the (JRS 
p(‘riod of the normal unipolar action potential of the tiirth'. 1 h(' method used 
was to record potential time curves witfi high resistance across the input leads 
to the amplifier followed by similar cuiA'es with relatively low' resistance across 
the input (loading r('sistanc(‘). d"he values of th(' voltages r(‘corded served for 
the calculation of cuncuif flow and impedance. With decreasing values of resist- 
ances across tlu* input to the amplifier, the maximum current from injuries in- 
(*reases up to a (*ertain point and then tends to remain neai’ly constant. 1 he 
impedance incr(‘ases continually witli loading resistances from 5()()() to 200 ohms. 
During the period when tlie h(‘art musch* surrounding an injury is in acti\'ity, 
changers in voltage, current flow' and impedanct' occur wdiich are described in the 
text. Increasing the area of injury results in increase in the maximum current 
flow' and decrease in impedance. The same i*esults ai’e obtained in recording 
tw'o injuries in parallel connections as compared w'ith re(‘ording eacli alone. 1 h(' 
results are in agreenKuit with the postulation that an injunHl region of heart 
muscle maintains eUadrical charges w'hich undergo ^'ariations in amplitude and 
polarity w'hen the muscl(‘ surrounding the injury enters into activity. 
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In a recent report (3) it was demonstrated that the stimulation by adrenal 
cortical extract of glyconeogenesis from protein in the adrenalectomized rat was 
not accompanied by an increase in the arginase activity of the liver, but that of 
the kidney was partly restored to normal. Previous treatment with testosterone 
propionate did not alter the effects of the adrenal cortical extract but greatly 
increased the kidney arginase. 

The above study has been extended to two other enzymes, the “alkaline ana 
“acid” phosphatases. 

Method. Adrenaleclomy. White rats of the Wistar strain were adrenal- 
ectomized under ether anesthesia, in groups of 8 to 12. 

Ilormyme preparations. Doses of 2.5 mgm. of te.stosterone propionate,- in 0.1 
ml. of sesame oil, were injected in the morning and the evening irom the day ot 
operation, including the morning of the day of the autopsy. 

The desoxycorticosterone acetate' was injected at 1 mgm. per day from the 
day of the operation. 

The adrenal cortex extract (afiueous, Upjohn)'- was concentrated just be tore 
use in vacuo at 30-40° to about one-half its volume in order to remove the alcohol; 
the volume was restored with water, except in the 2 ml. per injection experi- 
ments, when it was made to exactly one-half of its original volume. The injec- 
tions were given on the 5th postoperative day at hourly intervals lor 8 hours (4). 

Proceduke. The rats were placed in individual cages as a rule 3 days before 
the operation and were given 12 grams of Purina fox chow meal and 1 pev cent 
sodium chloride or tap water at 5 p.m. each day. No food was given on the 4th 
post operative day and the drinking tubes were removed (5) on the next morning 

> This investigation was aided by grants from the Josiah Maey .Ir, Foundation. 

2 The data contained in a preliminary note (1) are not included in this report. ars 
of these data have been reported in the Josiah Maey Jr. Foundation Conference on Me - 
abolic Aspects of Convalescence. Eighth meeting 50 (1944) and tenth meeting 68, (1945), 

and in a review (2). , , • • xt at i * 

3 The data in this paper were taken from a thesis submitted by Virginia N. ai o 
Grailuate School, the University of Rochester, in partial fulfillment, of t.he requirements 
for the M.S. Degree, July 1945. 

< The testosterone propionate (perandren) and the desoxycorticosterone acetate (per- 
corten) were provided by Ciba Pharmaceutical Products, Inc. 

‘ Part of this material was provided by Dr. M. Kuizenga, The Upjohn t ompany, and 
the rest was purchased from local dealers. 
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just before the injections of the adrenal cortical extract were begun. One hour 
after the last injection of the adrenal cortical extract, the rats were injected intra- 
peritoneally ^vith sodium amytal at 9 mgm. per 100 grams of body weight. When 
anesthesia was complete the liver was rapidly removed, the left section of the 
median lobe cut off and the remainder was weighed and analysed for glycogen 
(6, 7). A piece, 1-2 mm. thick, was removed from the left section of the median 
lobe and placed in 15-20 ml. of absolute redistilled acetone for the histochemical 
determination of the “alkaline’^ phosphatase (8). Another piece was removed 
for the determination of water content and the remainder was weighed and placed 
in 5 ml. of cold redistilled water. 

The right kidney was removed, weighed and placed in 5 ml. of cold redistilled 
water. The left kidney was removed, weighed and a 1-2 mm. thick cross section 
was removed and placed in acetone for the histochemical enzyme studies. 

Enzyme dHermimitionii. The tissues were homogenized (9, 10) and enough 
water was added to give a concentration of 20 ml. water per gram of tissue. 
These sto(*k homogenates were diluted 4 fold lor the “acid phosphatase detei- 
mination and the kidney sample was diluted 30 fold for the “alkaline” phospha- 
tase determination. Tlie “alkaline” phosphatase was determined at pH 9.8 by 
the King-Armstrong method (11) with minor modifications (10) and the “acid” 
phosphatase at pH 5.4 (10) with the Robinson-Gutman substrate (12). 

Hidodiemieal detcrrriinalUm of ^'alkaline'' phosphalmeS^ The method of Gomori 
(8) without any counterstaining was used for the histochemical determination of 
the “alkaline” phosphatase. The enzyme activity of the liver v/as (uihanced by 
the addition of 10 parts of M/IO Mg 804 (13, 14) to the incubation mixture. 

Nitrogen determ, inatm^^ Nitrogen was determined l)y analysing aliciuots of 

the tissue homogenates by the micro-Kjeldahl method. 

Water content. The piece of liver was dried to constant weight at 90-100° in 
an ek'ctric oven. 

Results. Weight and coniposition of the lirer. Adrenalectomy prodiu^i'd the 
expected decrease in glycogen and no remarkable changes in the weight, water 
and nitrogen (protein) content of the liver (table 1). The administration of 
water instead of 1 per cent sodium chloride or daily injections of desoxycortic- 
osterone acetate did not influence the efftH*ts of the adrenalectomy. Who results 
after the sham operation are essentially identical to those obtained in the normal 
rats. 

The administration of adrenal cortical extract had no remarkable clTeet on the 
weight or water content of the liver, ft did produce, however, a small but sig- 
nificant decrea.se in the nitrogen (protein content) and the expected increase in 
glycogen (table 1). Previous treatment with testosterone prr)pionate slightly 
decreased the effects of the adrenal cortical extract on the liver glycogen. The 
changes, however, were small and not significant. 

Liver phosphatases. Adrenalectomy slightly increased the “alkaline” phos- 
phatase of the liver (table 2). Desoxycorticosterone acetate had no influence 

« diaries Luttrell assisted in earryiiig out some of these determinations and in the study 
of the prepared hiHtological sections. 
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but the adrenal cortical extract produced a very large increase in the enzyme. 
The livers of the adrenalectomized animals possessed small amounts of the en- 
zyme which was localized (black areas) in the (^ells at the periphery of the lobules 
(fig. 1). After the administration of the adrenal cortical extract the amount 
present in this area increased and also the enzyme appeared (was produced?) in 

TABLE 1 


The effect of adrenalectomy , adrenal cortical hormones and, testosterone propionate {I ./ . ) plus 
adrenal cortical extract {A.C.E.) on the composition of the liver 



NO. 

body wot. 

WEIGHT 

GLYCOGEN 

WATER 

nitrogen 



Ktn- 

per cenl* 

per Lent* 

per cent* 

per cent* 

Water ad libitum 

Dosoxycorticosterone acetate, 1 

8 

144 

0 

4-8 

0.0 

—0.5 

ingm/day 

6 

161 

-5 

4-9 

- 1.0 

-1.4 

Normal 

8 

145 

+5 

4-470 

- 2.6 

+1.4 

Sham operation 

4 

150 

+5 

4-465 

- 2.2 

+2.5 

A.C.E., 8 X 5 ml/hr 

13 

157 

+9 

i 4-560 

-0.7 

-4.1 

A.C.E. , 8 X 1 ml/hr 

3 

154 

-1 

4-1750 

-2.5 

-3.8 

A.C.E. , 8X2 ml/hr 

T.P., 2 X 2.5 mgrn/day + A.C.E., 

6 

142 

; -hio 

1 

4-1370 

0.0 

1 

— 7.4 

8 X 2 ml /hr 

T.P., 2 X 2.5 mgm/day -f A.C.E., 

11 

158 

1 +11 

+375 

1 

! —1.5 

-3.3 

8X2 ml/hr 

6 

150 

! -1 

j +1200 

-0.9 

— 5.5 


* Change from average values of 10 control rats: Body weight 150 grams; weight 3.34 
grams/lOO grams body weight ; glycogen 65 ± 18 mgm/ 100 grams liver; water 72.5 ± 1.3 
grams/100 grams liver and nitrogen 3.66 ± 0.11 grams/lOO grams liver. 



Fig. 1. The ‘‘alkaline” phosphatase (l)lack areas) of the liver of an adrenalectomized 
rat receiving 0.9 per cent sodium chloride as drinking water. A(25X) B(200X) 

relatively large concentration in the walls, cytoplasm and nuclei of all of the other 
cells (fig. 2). The increase in the “alkaline” phosphatase was immediate (fig. 3). 
There was, at first, a spurt in the production of the enzyme followed by a slight 
decline and a gradual increase with increase in glycogen formation. 
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Fig. 2. The ‘‘alkaline” phosplialase (black areas) of the liver of an adrenalectoinized rat 
receiving 0.9 per cent sodium chloride as drinking water, daily injections of testosterone 
propionate and on the last day adrenal cortical extract (aqueous Upjohn). A(‘25X) 
B(200X) 



Fig. :u The effect of the adrenal cortex on liver glycogen and “alkaline” phosphatase. 
The values are plotted as differenc(‘S from those of adrenalectcunized rats which received 
1 j)er cent Na (1 as drinking solution. Tin* per cent changes are tor th{‘ milligrams glycogen 
j)er lOO grams and units of enzyme per gram of liver. 

Normal 0; sham operation •; adrenalectoinized rats receiving water instead of 1 per 
cent Na Cl, O; adrenal cortical ext ract , I ml. hr., 0 ; 2 X 2.5 mgm. testosterone propionate 
|)er day Jilus adrenal cortical extract, I ml. hr, €; adrenal cortical extract 1 ml. hr., 0; 
adrenal cortical extract, 2 ml. hr., ©; 2 X 2.5 mgm. testosterone ]uopionate jilus adrenal 
cortical extract, 2 ml. hr., Q . The values for th(‘ rats treated with desoxycorticosterone 
acetate are omitted because they were the same as those of the rats receiving water and the 
laidv of space did not permit their insertion. 

Note th(‘ sharp increase in the enzyme activity of th<‘ liver of the treated rats and the 

lack of increase in the normal rats. 

rrovious treatment w'ith testosterone propionate liad no etf(‘ct on the enzyme 
response obtained v'itli the adrenal cortical extract. 

The livers of normal animals with amounts of glycogen similar to thos(‘ of 
adrenalectomized rats treated with adrenal cortical (‘xtract show'ed a shglit de- 
crease rather than an increase in the ‘‘alkaline” phosphatase (table 2, fig. 3). 


584 


VIRGINIA N. VAIL AND CHARLES D. KOCHARIAN 


The '‘acid” phosphatase was not altered by any of the above treatments, there- 
fore the data on this enzyme are omitted. 

Kidney phosphatases. The administration of sodium chloride as drinking 
water or daily injections of desoxycorticosterone acetate prevented the small 
decrease in the “alkaline” phosphatase of the kidney noted after adrenalectomy. 
The intensive treatment with the adrenal cortical extract produced variable and 
questionable changes. Testosterone propionate, on the other hand, produced a 
very significant increase in the enzyme. The histochemical studies confirmed 
the results obtained with the homogenates. Furthermore, there were no observ- 
able alterations in the histological distribution of the enzyme as a result of the 
various treatments. 


TABLE 2 

The effect of adrenalectomy ^ adrenal cortical hormones and testosterone propionate (T.P.) 
plus adrenal cortical extract (A.C.E.) on the phosphatases of the 
liver and kidney 




LIVER 

KIDNEV PHOSPHATASES 


NO. 

Weight 

“Alkaline” 

phosphatase 

“Acid” 

“Alkaline” 




grams 

per cen/* 

per cent* 

per cent* 

Water ad libitum 

Desoxycorticosterone acetate 

8 

4.835 

-5 

+2 

-23 

1 mgm/day 

6 

5.112 

— 8 

+2 

49 

N nTTYlfi 1 

8 

5.078 

-17 

415 

— 15 

Sham operation 

4 

5.255 

-19 

0 

-1 

A.C.E., 8 X i ml/hr 

13 

5.704 

4-225 

43 

A C E 8X1 ml /hr 

3 

5.058 

4-303 


-12 

.4 C.E., 8X2 ml/hr 

T.P., 2 X 2.5 mgm/day -f A.C.E., 

6 

5.197 

4-246 

+2 

-19 

S X 1 ml/hr 

T.P., 2 X 2.5 mgm/day -h A.C.E., 

11 

5.484 

4-208 

-2 

436 

8X2 ml /hr 

6 

4.968 

4-276 

42 

4-36 


* Change from average values of 10 control rats; Liver “alkaline” phosphatase, 3.6 
± 0.73 units/gram; kidney “acid” phosphatase, 20.5 ± 2.4 units/grams; “alkaline” phos- 
phatase 221 ± 67 units/grams. 


The small decrease in “acid” phosphatase after adrenalectomy is of question- 
able significance since in the first series of experiments (1) the enzyme was re- 
stored to normal by the adrenal cortical extract but in this scries of experiments 
(table 2) it was not influenced by any of the various treatments. 

Discussion. The slight inhibition in the glyconeogenic properties of the 
adrenal cortical extract by testosterone propionate suggests that there may be a 
counterbalancing influence between these two hormones. Ihe failure, however, 
to obtain significant effects indicates that the “S-hormone” when given in a 
sufficiently high dose will overpower the previously established anabolic effect 
of the “N-hormone”. This is not too surprising. It would be of interest to set 
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up a chronic tsrpe of experiment in which the adrenal cortical extract was ad- 
ministered at a dose sufficient for maintenance of glyconeogenesis at a normal 
level and then superimpose a potent “N-hormone”. 

The marked increase in “alkaline” phosphatase of the liver by adrenal cortical 
extract indicates that this enzyme is involved in the glyconeogenic effect of the 
Cn adrenal cortical steroids. Although it is impossible with our present knowl- 
edge of this enzyme to indicate precisely what phase of the process is concerned, 
it is nevertheless well known that carbohydrate metabolism proceeds through 
phosphorylated intermediates (15) and that high “alkaline ’ phosphatase activity 
occurs at sites of accelerated protein metabolism, e.g., healing wounds (16), 
bone (17), in the silk glands of the caterpillar, of the goat-moth and the common 
spider (18) and in the skin of mice undergoing carcinogenesis by applications of 
methylcholanthrene (19). On the other hand the formation of liver glycogen 
from dietary protein or carbohydrate is not accompanied by increases in the 
enzyme comparable to that induced by the adrenal cortical extract (unpublished). 

The presence of similar amounts of glycogen but not “alkaline” phosphatase 
in the livers of adrenalectomized rats receiving the lowest dose of adrenal cortical 
extract and normal rats is due probably to the different metabolic status of these 
animals. The glycogen in the liver of the injected rat was being newly and 
rapidly formed from protein reserves while that of the normal rat was a residuum 

w'hich was in the process of being expended. 

The maintenance of normal “alkaline” and “acid” phosphatases in the liver 
after adrenalectomy is of special interest since the ability to deaminate glutamic 
acid and alanine (20) also is not affected, but oxidative processes (21) as noted by 
O 2 consumption and arginase activity (3, 22, 23) are decreased. 

The failure to observe a marked decrease in the “alkaline” phosphata^ of the 
kidney after adrenalectomy is very likely due to the relatively short interval, 
5 days, between operation and determination of enz 3 rme activity for Folley and 
Greenbaum (22) obtained a great decrease in the activity of this enzyme in the 
kidney of the lactating rat 20 days after operation. Furthermore, there was a 
greater decrease (about 70 per cent) in the rats receiving a high (50 per cent) 
protein diet than (about 40 per cent) in those receiving the stock colony diet 
which contained 20 per cent protein. Similar decreases had bwn previously 
observed by Kutscher and West (24) in the guinea pig and by Jiminez-Diaz (25) 

in the cat. , , • 1 

The prevention of the small decrease in the enzyme of the kidney by the 
administration of desoxycorticosterone acetate is in agreement with the observa- 
tions of Folley and Greenbaum in the lactating rat (22) and Kutscher and Wust 
in the guinea pig (24). It is worthy of note that desoxycorticosterone acetate, 
injected at 3 mgm/day was more effective than adrenal cortical extract, 11- 
dehydrocorticosterone or ll-dehydro-17-hydroxycorticosterone in maintaining 
the “alkaline” phosphatase activity of the kidney of the lactating rat (22). 
It is not surprising, therefore, that the acute treatment with the adrenal cortical 
extract in our experiments did not produce any significant increases in this 
enzyme. On the other hand, the very pronounced ability of testosterone pro- 
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pionate not only to maintain but also to increase the enzyme in the kidney of the 
adrenalectomized rat would surest that this may be one of the functions of the 
androgenic substances produced by the adrenal cortex (26). 

SUMMARY 

Adrenalectomy slightly increased the “alkaline”, pH 9.8, phosphatase of the 
liver of young (150 gram) adult male rats. The hourly injection for eight hours 
of adrenal cortical extract (aqueous Upjohn) on the fifth post operative day 
greatly increased this enzyme. The increase occurred at a much faster rate than 
the increase in glycogen. Histochemical studies demonstrated greater amounts 
of the enzyme to be present (produced?) in the cytoplasm, walls and nuclei of 
the diver cells. Previous treatment with testosterone propionate did not alter 
the effect of the adrenal cortical extract on either the amount of glycogen or the 
increase in the enzyme activity. Desoxycorticosterone acetate was ineffective. 

Adrenalectomy resulted on the fifth post operative day in a small decrease in 
the “alkaline” phosphatase of the kidney which was prevented by the adminis- 
tration of 1 p6r cent sodium chloride as drinking water or by the daily injection 
of 1 mg. of desoxycorticosterone acetate. The hourly administration for 8 hours 
of adrenal cortical extract on the fifth post operative day was ineffective. Tes- 
tosterone propionate, 2X2.5 mgm. day, produced a marked increase in this 

enzyme. . 

None of the above treatments produced a significant change in the acid 
phosphatase, pH 5.4, of either the liver or the kidney. 
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Becht, working on dogs (1), Leimdorfer on cats (2, 3), and Heller on cats and 
dogs (4), have shown that adrenalin injected intrathecally fails to raise blood 
pressure, although the same amount injected intravenously into the same animal 
produces a great rise. This has been seen in anesthetized cats and dogs, in de- 
cerebrated cats and, as indicated by the present work, in unanesthetized man. 
The blood pressure remains usually at the same level for many hours, or falls 
slightly. A significant fall in blood pressure has not been reported except by 
Heller who recorded a terminal fall from 88 to 14 mm. of mercury in a single cat 
following the second of two injections of 0.3 mgm. of adrenalin, the interval be- 
tween injections being 50 minutes (4). In our experience far larger doses have 
not had a similar effect. In dogs, adrenalin given intrathecally produces a fall 
in body temperature (5), complete analgesia which may last for two hours (6), 
and sleep for as much as five hours (5). The respiration and reflexes remain 

Becht found that adrenalin was stUl present in the cerebrospinal fluid of the 
dog 5 hours after intracistemal injection (1) and we have obtained the same re- 
sults in the cat. i . • • 

The available literature does not report the effect of intracistemal injection oi 
adrenalin on the concentration of glucose in the blood. It was found in the pre- 
sent work that an increase in blood glucose concentration occurs, and then each 
of the known pathways whereby the central nervous system might affect the 
blood glucose level was interrupted surgically. 

Experimental. The investigations were performed on 71 cats, 2 dogs, and 
2 human beings. Blood pressure was determined in cats and dogs anesthetized 
with dial-urethane^ by means of a mercury manometer connected to a cannula in 
the femoral artery, heparin or chlorazol-fast pink being used as anticoagulant. 
In man blood pressure was determined by means of an aneroid manometer and 
auscultation. Electroencephalograms and electrocardiograms were recorded 
with a C-channel Grass-electroencephalograph. 

The animals used in experiments concerned with the blood glucose level were 
anesthetized mainly with sodium amytal and a few with dial-urethane. Blood 
glucose was determined by colorimetric measurement of ferricyanide reduction 
using tungstic acid filtrates (7). Commercial preparations of adrenalin, which 
contain bisulfite and fresh solutions of adrenalin in dilute hydrochloric acid were 
used. 

1 Aided by grants from the Rockefeller Foundation and the Josiah Macy, Jr. Foundation. 

2 We are indebted to Ciba for the Dial. 


588 



CENTBAL HYPERGLYCEMIC ACTION OF ADRENALIN OOU 

Injections into the cistema magna were made after withdrawal of a volume of 
cisternal fluid equal to the volume of fluid to be injected. When blo(^ was found 
in the cisternal fluid the experiments were discontinued. Animals in which the 
cervical cord had been sectioned below the emergence of the phrenic nerve or m 
which the hypophysis had been removed or its stalk cut were not used until 
enough time had elapsed for the sealing of the subarachnoid space. Adrenal- 
ectomized and vagotomized preparations were used at once or within a day. 
Injections of adrenalin by other routes were frequently made for comparison. 
Cisternal fluid withdrawn at various times after intracistemal injection of ad- 
renalin was tested for pressor- or glucose-raising action by intravenous injection 
of fluid into the same or another animal. 



FiK. 1. Blood sugar (in mgm. per cent) after injection of 50 uiicrograins of adrenalin per 
kgm body weight by different routes of administration at 0 time. Fasting cats. Sdmum 

amytal anesthesia. . . . 

The lowest curve after intra-articular injection into the knee-joint of the hind limb. 

'f--. after intraperitoneal injection. 

i± after intracistemal injection. 

The uppermost curve after intravenous injection. 


Curve - • ” 
Curve 


Results. The principal finding was that injection of adrenalin into the cis- 
terna magna was followed by a prompt, marked and sustained rise in blood glu- 
cose. Figure 1 shows (in the cat under sodium amytal) there was a rapid rise 
beginning 2 minutes after intracistemal injection, the concentration in blood 
glucose increased at a slower rate during the next several hours, as indicated in 

figure 1 and figure 2 A. , . . 

The increase and duration of an elevated level of blood glucose depended dir- 
ectly upon the dose of adrenalin. In the cat the threshold for a rise in blood 
glucose was 5 micrograms per kgm. This dose gave a rise of about 30 mgm. 
per cent at one hour after which there was a dow decline during approximately 
six hours. Figure 2 B illustrates that with large doses the increase in blood glu- 
cose could be maintained for more than 18 hours. This suggests that the ad- 
renaUn in the subarachnoidal space disappears slowly. 
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Fig. 2. A. Fasting cats. Sodium amytal anesthesia. Blood sugar after intracisternal 
injection of 0.5 ml. of physiological saline and of different amounts of adrenalin. 

B. Fasting cats without anesthesia. Otherwise same as 2A. 



MINUTES 

Fig. 3. Blood sugar (in mgm. per cent) after intravenous injection of cisternal fluid at 
0 time under varying conditions. Fasting cats. Sodium amytal anesthesia. 

after intravenous injection of 0.5 ml. of cisternal fluid which had been 

withdrawn from a second cat (5 hrs. after intracisternal injection of 0 mgm. of adrenalin). 

Curve after intravenous injection of 0.5 ml. of cisternal fluid withdrawn from 

a second cat (16 hrs. after intracisternal injection of 0.5 mgm. of adrenalin). 

0m.yg after intravenous injection of 0.5 ml. of cisternal fluid withdrawn from a 

second cat which had not received adrenalin. 


In agreement with that assumption is the following: 1 ml. of spinal fluid, 
withdrawn 16 horns after intracisternal injection of 0.25 mgm. adrenal in per kgm. 
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when injected intravenously into a second cat caused a rise of 70 mgm. per cent 
glucose concentration (fig. 3). On the other hand 0.25 mgm. of adrenalin per 
kgm. injected intravenously could not be detected by the biological assay of 
cisternal fluid withdrawn one-quarter hour after this injection. . , , . , j 
When dial was used as an anesthetic the frequently high and variable blood 
glucose levels tended to obscure the effect of adrenalin . However, when the pre- 
injection glucose level was relatively low the hyperglycemic effect was like that 

under amytal. i i • • 

Intracisternal injection of 0.5 ml. of physiological saline provoked no rise m 

blood gluco.se in cats undcir anesthesia, only intracisternal saline (O.o ml.) m 
cats without anesthesia was followed by a rise lasting one hour and varying m 
degree with excitement and struggling at the time ol injection. 

In contrast, the rise in blood glucose after intravenous injection of adrenalin 
was prompt, rapid an.l high, but not sustained. After intravenous injection of 
50 micrograms per kgm., the concentration of blood glucose reached a peak of 
220 mgm. per cent in 10 minutes and then fell steadily, reaching the le\el of 138 
mrai. per cent in 00 minutes and the pre-injeetionlevel in approximately 00 
minutes. Figure 1 also shows the slow, small ris(‘ obtained by a like dose given 
intraperitoneally and the flat curve following an eciual injection into the intra- 

articular cavity of the knee. „ . ^ i i 

Further, 5 micrograms of adrenalin per kgm. intraperitoneally, intramuscularly 
or subcutaneously gave no rise in blood glucose and the same amount intrave- 
nously provoked a rise in blood glucose of about 90 mgm. per rent, Imt the blood 
glucose concentration returned to normal within one hour or two. 

The incidental findings extend the range of dose of intracisternal adrenalin 
which had no effect on blood pressure to 5 mgm. per kgm. Further, large doses 
(0 5 mgm.-l.O mgm. per kgm.) intracistemally in non-narcotized cats gave a 
transitory picture of wide, uncertain gait, momentary excitement and subsequent 
drowsiness lasting up to 1 8 hours. Another observation in these^cats was that 
after intracisternal adrenalin their pupils were moderately dilated but constricted 
to light. Moreover, intracisternal adrenalin doubled the rate of respiration and 
increased its depth when the rate of respiration was low after transection ol the 
mid-thoracic region of the spinal cord in the cat. 

Intracisternal injection of 2 mgm. of adrenalin into a non-narcotized patient 
of 60 kgm. body weight induced a rise, in blood glucose (from 112 mgm. per cent 
to 212 mgm.). The blood glucose concentration was elevated for more than 3 
hours but no rise in blood pressure or heart rate occurred. About 1 hour after 
the injection drowsiness, a little later normal sleep (confirmed by E.E.G. records) 
was observed in this patient. 

It should be noted that in cats intracisternal injection did not produce any 
change in the electroencephalogram, electrocardiogram or heart rate. Intrave- 
nous injection of adrenalin or of cisternal fluid withdrawn several hours after mtra- 
cistemal injection of adrenalin produced occasional irregular spike-like potentials, 
chiefly in parietal and occipital regions, small, fast, electrical activity of the 
cortex, and also extrasystoles, increased heart rate and blood pressure and some- 
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t i r nAH a brief arrest of respiration during the rise in blood pressure. All of these 

effects are indicated in figures 4, 6 and 6. ^ * 1 , 

Finally, no one of the operations listed below had any detecteble effect on the 
hyperglycemic response which followed intracistemal injection of adrenalin. 
Each lesion was checked by autopsy: 1, almost complete hypophysectomies, 










4A 

Fig. 4. Cat. Dial anesthesia. Upper tracing— respiration, lower tracing— blood pres- 
sure. Scale represents 5 seconds per interval. , ■ . e 

A, at o intracistemal injection of 0.24mgra.of adrenalin. At b intracistemal injection of 

0.24 ingm. of adrenalin. ..... t n ao 

B at a 0 6 ml. CSF withdrawn 15 minutes after intracistemal injection of 0.48 mgm. 
of adrenalin. At b intravenous injection of o CSF into the same animal; rise in blood 

pressure from 78 mm, Hg to 197 mm. Hg. , . - 

C at a same as B (above). CSF removed 30 minutes after intracistemal injection of 
0.48 mgm. of adrenalin. At b intravenous injection of CSF a into the same animal; rise 
of blood pressure from 74 mm. Hg to 148 mm. Hg. 




4 - 


4 - 








6A 


5B 6 

Upper record electroencephalogram, lower record 


Fig. 6. Cat (same animal as fig. 4). 
electrocardiogram. 

A, after intracistemal injection of 0.48 mgm. of adrenalin. 

B, after intravenous injection of 0.5 ml . of cisternal fluid from cat A. 

Fig 6 Cat. Dial anesthesia. Electrocardiogram (topmost record) and electro- 
encephalogram-biparietal and bioccipital (two lower records) one minute 
venous injection of 0.25 mgm. of adrenalin. Heart rate 48 per minute. Note the diphasic 
spike at the left of the figure in both electroencephalographic records. 


the Stalk being ablated in five cats; 2, section of the hypophyseal stalk m two cats 
and one dog; 3, section of the vagi at the level of the carotid sinus m one wt, 
4, section of the spinal cord at C 7 in two cats; 5, ablation of the celiac g^ghon 
in one cat; 6, adrenalectomy in two cats; 7, tying off the coupon carotid arter- 
ies in one cat; 8, combined hypophysectomy and vagotomy in one cat; 9, com- 
bined complete section of the spinal cord at C 7 and vagotomy in erne cat. 

Discussion. If adrenaUn passed slowly from the subaractooid pwe into 
the circulation, a small rise in blood pressure would be expected from the findmgs 
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of Kretschmer (8) . He demonstrated in rabbits that a continuous intravenous 
infusion of very dilute solutions of adrenalin increased the blood pressure up to 
some which was then maintained. Moreover, A. E. Koehler et al. re- 

ported in 1937 (9) that a 1:50,000 solution of adrenalin injected intravenously 
in man at 2 mgm. per hour had a similar effect. However, the fact that no rise 
in blood pressure occurs after intracistemal adrenalin and the observation that 
cerebrospinal fluid withdrawn several hours after intracistemal injection con- 
tains indicate that adrenalin does not pass from cerebrospinal fluid to 

blood. Also, adrenalin injected intravenously fails to appear in the cisternal 
fluid. Thus, adrenalin does not appear to cross the barrier between blood and 
cerebrospinal fluid in either direction. 

Fog (10), Forbes and co-workers (11) have shown that direct application of 
adrenalin to the pia produces no constriction of the arterioles and only slight 
constriction of the large arteries; thus the impermeability can not be attributed 
to vasoconstriction. 

Since the blood sugar rise is rapid and high after intracistemal adrenalin, slow 
and little after intraperitoneal injection and not at all following intra-articular 
injection and since the blood pressure does not rise after intracistejmal injection, 
intraci.stemal adrenalin appears to raise blood sugar by acting directly on struc- 
tures bathed by cerebrospinal fluid. 

There is other evidence of the participation of the central nervous system- in 
the effect of adrenalin on the concentration of blood glucose. Aschner (12) 
showed that hypophysectomized dogs responded to subcutaneous adrenalin with 
less glycosuria than control dogs. Later De Bodo and his associates (13) found 
that hypophysectomy minimizes or eliminates the hyperglycemic response to 
intravenous adrenalin. Winternitz and his co-workers (14) reported in 1944 
that in dogs ligation of the carotid sinuses or the vertebral arteries abolishes or 
minimizes the hyperglycemic response to intravenous adrenalin even when there 
is adequate liver glycogen. In consequence of these findings, they suggested 
that the decreased hyperglycemic response to adrenalin following hypophysec- 
tomy may be due to injury to neural structures surrounding the hypophysis, 
particularly those that seem to bear some connection with the carotid sinuses 

and vertebral arteries. _ 

The analgesic effect of intracarotid and intravenous injection of adrenalin in 
dogs and of subcutaneous injection in man demonstrated by Ivy and co-workers 
(15) suggests a direct action of adrenalin upon pain-perceiving centers; so also 
does Weber’s observation (16) that adrenalin injected into the carotid arteries of 
cats produced analgesia lasting an hour or more. Still more to the point is the 
finding by Buscaino and Pero (6) that complete analgesia, lasting 1 to 2 hours, 
could be produced in dogs by subarachnoid injection of 0.1 mgm. of adrenalin. 

Finally, central action of adrenalin is indicated by sleep induced by subdural 
and intracerebral injection of adrenalin in dogs reported by Bass (5), drowsiness 
in cats and sleep in man observed by us. This effect piay explain why spinal 
anesthesia with procaine is greatly prolonged by addition of small amounts of 
adrenalin (17, 18). 
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In connection with the present observations it is of interest to note that Ken- 
nard and co-workers (19) found that the blood sugar level in cats is increased for 
more tVinn 5 hours following frontal lobotomy, but there is no rise in blood 
pressure. 

It seems reasonable to conclude that adrenalin injected intrathecally has 
several effects due to action on central nervous structures and that among these 
is the ensuing increase of sugar in the blood. We are still ignorant of the means 
by which this central action effects the increase of sugar in the blood. From 
our own experiments we can only conclude that destructions of vagal, spinal 
including sympathetic, and hypophyseal paths, singly and in pairs were insuffi- 
cient to prevent or diminish the response. 

The present inability to find efferent pathways by way of which the central 
action of adrenalin causes hyperglycemia is paralleled by unsuccessful attempts 
to define pathways through which piqfire exerts its effect on blood glucose (20). 
Since in our experiments the hypophysectomies were not technically perfect, 
it is stUl possible that the central hyperglycemic effect of adrenalin was mediated 
through the remnants of the pituitary. Further work on this point is in progress. 

It is conceivable that intracistemal adrenalin exerts its hyperglycemic effect 
indirectly by way of the circulation: e.g., adrenalin might induce formation of a 
hyperglycemic factor or might be converted into a hyperglycemic agent which 
has no pressor properties. 


SUMMARY 

The barrier between blood and cerebrospinal fluid has been found to be prac- 
tically impermeable to adrenalin. Adrenalin injected into the subarachnoid 
space, although it fails to affect blood pressure or electrocardiogram, causes a 
rapid, high and sustained rise in the concentration of the glucose in blood. 

This, like the brief effect on respiration reported here, and the analgesic and 
soporific effects noted by others, are due to its action on central structures bathed 
by the cerebrospinal fluid. The site of action and the efferent paths are undis- 
covered in spite of lesions made to prevent participation of the autonomic nervous 
ssrstem and the hypophysis. 
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An anatomical investigation in progress (1) dealing with the statics of the 
wrist joint brings up problems that cannot be solved by strictly anatomical 
or mechanical methods of analysis. When one holds the wrist horizontally 
by voluntary muscular action, how do the fifteen muscles traversing the wrist 
joint share in resisting gravity? Our experience here leads us to believe that 
an approach to a solution of this type of problem may be made through ap- 
propriate action potential experiments. 

In maintaining a steady posture by isometric muscular activity, the tension 
developed in muscles is so adjusted that it nicely balances the load of the hand 
plus that of objects supported. Torques or moments of force are involved. 
For static support, i.e., no movement, a torque due to the action of muscles 
equals the gravity torque. The latter is the product of “weight of the hand 
(plus objects)’’ multiplied by the “lever arm” from wrist pivot to the center 
of gravity of the mass supported. The torque of the antigravity muscles 
(those muscles above the horizontal level of the wrist pivot) is the product of 
“muscle tension” times the average “lever arm”. Individual lever arms of 
the various muscles may be represented by the perpendicular distance from the 
tendons to the center of the wrist pivot (cf. cadaver hands). If one considers 
the average of the sines of the pertinent muscle lever arms, he may compute a 
theoretical value for the total effective muscle tension required to balance a 
given gravity torque. Such a computation, however, gives no information 
as to individual muscle function. Furthermore, it ignores antagonistic mus- 
cular activity and the forces that stabilize against lateral deviation. 

Unanswered questions, which have counterparts at other joints as well sug- 
gest themselves: Is the theoretical value a fair approximation for the pattern 
of actual activity? Are all muscles above the wrist pivot tensed to the same 
degree? Does the muscle with the best leverage tense more or less than others? 
To what degree are antagonistic muscles active? Do “wrist” and “finger 
muscles act differently? Rotation of the foreaim about its long axis brings 
different combinations of muscles above the level of the wrist pivot; are there 
differences in activity pattern between one muscle combination and another? 

The literature on electromyography in relation to human voluntary actions 
shows close correlations between action potentials and muscle function. Po- 
tentials have been studied recently in normal muscles (2-4) and in those affected 
by disease and denervation (4-6). Either intramuscular needle electrodes or 
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surface electrodes— or both— have been used. In general, problems of move- 
ment-isotonic rather than isometric activity— and the timing of muscle par- 
ticipation in gross activity patterns (7-9) have received most attention. Quan- 
titative correlations between potentials and muscle tensions in isometric 
activity, however, have not been entirely ignored (3, 10, 11). 

We have limited our attention here to a study of the static or isometric aspects 
of muscle function and have attempted to treat both potentials and torques in 
a quantitative way. We have worked with ten regions of the forearm muscle 
mass using surface electrodes over specific muscles. Muscles were carefully 
identified, and their motor points were stimulated and located as exactly as 
possible. The electrodes were placed over the muscle with the proximal elec- 
trode at the motor point. This procedure allows a fairly precise localization 
of leads and we believe it gives an approach to the activity of the individual 
muscles. Our data on muscle action potentials do not seem to be unduly con- 
founded by extraneous action currents. 

This report deals with two experiments. The first correlates action potentials 
with muscle tensions as different known magnitudes of gravity torque are 
resisted. The second is a determination of the share of specific regions of the 
muscle mass in the voluntary act of holding a steady posture against a given 
gravitational force acting from one direction or another. 

Procedure. Action potentials obtained from the skin surface overlying 
specified muscles were amplified by an alternating current, condenser-coupled 
amplifier and recorded with a General Electric oscillograph. The gam of the 
amplifier was constant in the range of 60 to 200 cycles and decreased 16 p« 
cent at 20 cycles. The output wave form was satisfactory from 20 to 200 

‘'^The electrodes consisted of two 3/16 inch brass rods to which were soldered 
silver contact points of the same diameter. The contact surfaces were coated 
in vamo with a one micron thickness of silver chloride. The electrodes were 
mounted in a bakelite holder and were adjusted to a spread of 5.5 cm.— about 
the average length of a forearm muscle fasciculus (12). 

Ten of the fifteen muscles traversing the wrist joint were studied.* Motor 
points of each of these muscles were determined and marked on the skin prior 
to each period of recording. The forearm was placed in a wooden cradle that 
did not permit pronation and supination of the forearm nor elbow movements. 
The elbow was bent at a right angle and the forearm was held midway between 
full pronation and full supination. One electrode was placed over the motor 
point of a specific muscle with the other electrode lying distally over the muscle. 
The bakelite holder was strapped with adhesive tape and moist AgCl was 
placed between the electrodes and the skin. The electrodes, then, were sealed 
to the skin with celloidin. Stronger action currents were obtained m test 

■ Some muscles were not studied because they were covered by overlyiriK muscles and 
because motor points could not be determined consistently; those were: Ilexor polhcis 
longus, Abductor pollicis longus, Extensor pollicis brevis, Extensor polhcis longiis .md 
Extensor indicia proprius. 
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records when one electrode overlay a motor point than when the electrodes 
spanned a motor point or when both electrodes were proximal or distal to the 
motor point. 

One of us (W.T.D.) served as subject. * Sample records that were comparable 
were made also on six other subjects as a check. The volume of the hand beyond 
the wrist pivot (425 ccm.) was determined by water displacement; ignoring the 
density error, we used 425 grams in calculations of torque. The lever arm of the 
hand, from the wrist pivot to the center of gravity, was estimated at 7.5 cm. 
(A standard grip posture was used throughout the study; the locus of the center 
of gravity was determined from cadaver hands fixed in the standard position; 
the wrist pivot was located by x-rays of the living wrist; comparable surface 
landmarks were used in determining the lever arm.) From the hand mass and 
the lever arm, the gravity torque of the hand was computed as 3.188 kgm.cm. 
Weights and a fitted hand grip with an extended lever arm were designed to 
provide torques that were multiples of the hand torque. These were expressed 
as 2X, 4X, 8X, 16X, 32X, and 64 X the hand torque. The latter two were 
the largest torques that could be lifted by the extensor and flexor muscles re- 
spectively. 

The axis of the forearm and hand Was held horizontal as weights were sup- 
ported and records were made. In the first experiment, the magnitude of torque 
supported by muscular action served as the imposed variable. This factor 
varied from zero, when the hand lay on a supporting surface, through IX, 
2X , and so on to 32 X or ()4X . Records were made from regions overlying each 
of the ten muscles studied; the forearm and cradle were rotated for each muscle 
till the muscle and its tendon were functionally oriented directly above the 
wrist pivot. In this position, motor point stimulation causes a direct vertical 
lifting of the hand. 

In the second experiment, records were made of each of the ten muscles and a 
16 X torque was used as a standard load. The forearm and cradle were rotated 
into twelve positions 30° apart; in this way, the experimental variable was the 
differing direction of action of the gravity force in relation to the direction of 
direct muscle pull. Actually a pulley mechanism was used to reverse the 
direction of the gravity force in those positions which otherwise caused strain 
and contorted body postures. Comfortable body postures, short periods of 
weight holding (5-6 sec.) and short rest intervals were used to obviate fatigue 
effects. 

Results, a. Response to various loads. Figure 1 shows a representative 
record from the first experiment; it refers to the Extensor carpi ulnaris muscle 
region. At A, the weight of the hand rests on a supporting surface and the 
muscle supports no load; at R, the hand torque is supported by muscle tension; 
at C-(7, multiples of the hand torque from 2X to 32 X are supported by mus- 
cular action. Patently, the records show an increased amplitude of potential 
with each increment in torque. A decrease in frequency is less directly appar- 
ent. This showed in all the records. The magnitude of potentials, however, 
varied somewhat from muscle to muscle. The magnitude differed also from 
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person to person in the supplementary data on six individuals; potentials were 
less marked in the persons of stronger build. 

Our frequency data fall in the range of 35 to 65 per second. For the IX 
load, frequencies lie between 50 and 65, and as the load increases to 32 X, or 
64 X, the freciuency falls gradually by ten to fifteen counts. The lower fre- 
quencies associated with the larger loads are correlated also with higher ampli- 
tudes of potential. The various muscles showed no consistent order as to 



Fig. 1. Strips from a represent aliv(^ reeord of muscle iMjtentials (electrodes over Ex- 
tensor (uirpi ulnaris muscle) showing increased amplitude correlafed with higher degrees 
of muscle tension. The forearm was oriented so that the muscle lifted weights directly 
upward. Distance between horizontal lines is the measure of amplitude. .-I resting po- 
tential; B potential elicited in su[)porting a lx torciue (the empty hand); C record for a 2x 
torque; D-G records involving gravity torques of 4\, Sx, 16x and 32x. 

Fig. 2. Muscle potentials (x l(‘ver arms) are plotted against loading. Each curve refers 
to a ditferent forearm muscle below the electrodes. Eaidi muscle supported loads in the 
direction of its greatest mechanittal advantage. Isabels arc' the initial letters of the HNA 
names for the musch's. If liand and muscle lever arms are assumed to have unit values, 
the same shaped curve for each muscle represents the relation: j)otential to wedght lifted. 

frequency for the various loads, though the five extensors typically (in 88 per 
cent of the data) show'ed higher frequentaes for a given load than the five flexor 
muscles. The extensor musttles also show'ed higher potentials, for a given 
amount of loading, than the flexor muscles did. 

Since fretpienc}^ changes are not as striking in the retamls as amplitude, the 
latter factor will henceforth rec.eive prime attention. Our measure of potential 
is shown in figure 1 as the distance between the horizontal lines on each of the 
record strips. It w'as determined by a statistical treatment of measurements 
of the distances betw^een the successive peaks and a baseline; these data were 
used directly and in practice the voltage calibration shown in the figure w^as 
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not used. Our potential value was the sum of the following factors: a, the 
difference between the average of the upper peaks and the average of the lower 
peaks (minus the beam width), plus 6, 3 standard deviations (sigma) of the 
upper peaks, plus c, 3 sigmas for the lower peaks. This measure of range 
should include 99.7 per cent of all the peaks for this type of data. 

Frequency and voltage are used here in a purely empirical way to bring out 
differences in the electrical record which correlate with varying degrees of load- 
ing of the hand. No attempt is made to interpret physiologically the apparent 
piling up of the oscillographic tracing for the heavier loads. 

In figure 2, potentials (times the lever arms of the pertinent muscles) are 
plotted on log-log co-ordinates against the torques that are supported by mus- 
cular action. (The muscle lever arms, here, are mere proportionality factors 
which vertically raise or lower the curves relative to one another without chang- 
ing their individual form; their use, however, harmonizes with a basic treat- 
ment consistent with torques.) If the gravity and muscle lever arms are re- 
garded for the moment as unit values, each curve suggests the relation between 
muscle potential and the weights supported. Though the potential values for 
a given load differ from muscle to muscle, the curves are in general similar; 
that is, in the log-log plotting used, the curves have a somewhat similar contour 
and they are more or less parallel to one another. They show a definite correla- 
tion between increments of potential and increments of torque though it is not 
quite a straight line relationship. Averaged curves for the flexors and for the 
extensors show a smooth curved contour slightly concave to the left. The 
averaged extensor curve is slightly straighter than that for the flexors, hor 
each muscle, potential increases with each increment in the gravity torque 

supported (cf. fig. 1). ^ • i i u 

Extensor muscles show consistently higher potentials for a given load than 
flexors. In general, extensors resisting a 32X torque produce potentials as 
large as flexors resisting a 64X torque. Except for the lowest torques (IX 
and 2X), extensor potentials are matched somewhat closely by flexor potentials 
produced at twice the extensor torque values. This observation is correlated 
with the facts that the flexor mass is roughly twice as great as the extensor 
mass and that maximum flexor strength is about twice the extensor strength 

also. ^ . r 1 

Since, as stated in our introductory paragraphs, the gravity torque is bal- 
anced exactly by a torque due to tension in the muscle mass acting over its 
lever arms, it follows that the abscissa in figure 2 can be visualized in terms of 
relative muscle torque as well as for gravity torque. In this sense each curve 
represents a correlation between the potentials recorded from regions oyer 
specific muscles (times the muscle lever arm) and the muscle torques which 
just support specific amounts of loading. This correlation will have significance 
later, since it will permit a calibration of experimentally varied potentials from 
the region of specific muscles in terms of either torques or relative tensions. 

b. Responae to differing directions of action of a gravity torque. When the 
foreaum and supporting cradle are rotated through twelve stations, 30 apart. 
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the standard 16 X torque is directly supported by one combination, then an- 
other, of the wrist supporting muscles. In the first position, a selected muscle 
is a direct supporter; in the second position its direction of pull becomes oblique 
to the axis of direct support; in subsequent positions its action is directed later- 
ally then downward and finally it acts through angles of 180“ to 360 tiU it 
again approaches a position of direct support. Records were made at each of 
the stations; in this way action potentials that were correlated with agonist, 
antagonist, oblique and lateral pulls of the muscle mass were obtained. 

Figure 3 shows these data plotted on polar co-ordinates for a representative 
wrist muscle. Shading differentiates the agonist (larpr area) and antagonist 
(smaller area) quadrants from the white lateral stabilizing quadrants. In the 
direction of the arrow the muscle pulls the 16 X load directly against gravity; 
the potential in this direction is maximum. When other muscles take over the 
direct supporting function and this muscle pulls obliquely the potentials are 
definitely less There is a further decrease in potentials as the direction of pull 
becomes horizontal, that is, at a right angle to the doiNTiward direction of grav- 
ity, potentials in the antagonist (juadrant are about a third of the maxunum 

potential for supporting the load. f i 

Since the only experimental variable here is the changing direction of muscle 
pull in relation to the direction of action of the gravitational force, the varia- 
tions in potential in such a graph must indicate differing degrees of muscular 
activity. A correlation between potentials recorded over specific muscles and 
the gravity torques resisted by muscle action has been shown. Furthermore it 
has been indicated that the potentials are correlated also with the muscle torque 
due to the muscle mass which is mechanically so placed as to resist gravity. 
A calibration of data such as those of the polar graph may be made directly 
from the curves of figure 2 or smoothed average curves for the extensor muscles 
and for the flexors may be used. Results by either method permit the same 
conclusions but the latter method was arbitrarily adopted here. 

The smoothed curves, on transparent film, were adjusted over a large log-log 
graph with the 16 X position on a curve superimposed on the potential value 
that was obtained for the direction of direct muscle pull in the second experi- 
ment. The equivalent torque values were then read off the graph for each of 
the potentials obtained in the various angular positions. Figure 3 is not greatly 
changed in form when equivalent torques are substituted for potentials. 

Figure 4 shows data from regions overlying six other muscles treated m this 
way. All of the graphs have the same orientation in relation to the wrist, the 
three upper graphs with arrows indicating the direction of direct muscle pull 
deal with extensor muscles, the three lower figures refer to flexors and the arrows 
are directed oppositely. The concentric circles or parts of circles represeiR a 
calibration in terms of torque: 16X, outer; 8X, middle; and 4 X, inner. e 
agonist, antagonist, and lateral stabilizing quadrants are outlined by the white 

The most common pattern encountered in our data is shown by the Extensor- 
digiti-5 graph at the upper left. Torque is maximum in the direction of direct 
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muscle pull. It decreases id each direction throu^ the agonist and lateral 
stabilizing quadrants. In the lateral stabilizing position (90° from the mid- 
agonist direction) the torque value is about half maximum. In the direct 
antagonist position activity is about one-fourth maximum. Data not shown 
here but relating to the Palmaris longus, Extensor carpi ulnaris and Extensor 
carpi radialis brevis muscles show this pattern also. Though the other graphs 
shown in figure 4 deviate in certain ways, the type pattern is shown also on the 
left side of the upper middle figure, on the right side of the upper right figure and 
on the right side of the middle lower figure. In the ten muscles studied, twelve 
lateral halves of the graphs show a simUar pattern; we regard these as typical. 
The other eight halves are all shown in figure 4. These deviations in pattern, 
it is believed, can be accounted for, as described below. 

It should be understood that we are without information as to what part of 
the muscle mass below the electrodes is recorded in our data. It may be as- 
sumed as a first approximation that the muscle directly below the electrodes 
contributes significantly to the electrical record. The data, then, may be 
examined critically for corroborating or contradictory evidence. 

The axis of the egg-shaped form of the more typical polar graphs (fig. 4, 
upper left; cf. fig. 3) slants in the direction of direct muscle pull for the muscle 
that lies below the electrodes. In the other graphs of figure 4, the maximum 
torque has an angular spread on each side of the direction of pull by the muscle 
under consideration. An axis, however, through the middle of the agonist 
and antagonist quadrants, that is, along the direction of pull, roughly divides 
the graph into symmetrical halves. These observations are compatible with 
the assumption that the muscle below the electrodes affects the graph very 
significantly. 

In figure 4, the graph for the Extensor digitorum communis muscle (upper 
middle) shows a spur toward the right that is greater than the 16 X torque; 
this supra-maximal torque must be regarded as an artifact due to adventitious 
electrical influences from the adjacent Extensor carpi radialis muscles. These 

Fig. 3. A polar co-ordinate graph showing the relative magnitudes of potentials (Pal- 
maris longus muscle region; 16x torque supported) as the forearm is rotated through 360°. 
The direction of greatest mechanical advantage is upward, 0°; the larger gray area repre- 
sents the agonist quadrant. The smaller area is the region of antagonist potential vectors. 
White (lateral stabilizing action) quadrants show decreasing potentials as muscle action 
changes from agonist to antagonist. .... 

Fig. 4. berivativ-e curves of muscle torque showing the degree of activity in various 
directions of muscle pull in relation to the magnitude in the direction of best mechanical 
advantage (the arrows) . Data on six muscles are shown. The arrows in sketch A show the 
orientation of direct muscle pull for ten muscles including these six. Agonist, antagonist 
and lateral stabilizing quadrants are separated by white lines. 

Fig. ‘5. A generalized curve (A) showing the relative activity of a typical forearm muscle 
(?) in the different quadrants as the forearm was rotated through 360° and a given load was 
supported. The arrow represents the direction of straight* muscle pull. The three con- 
centric circles (from large to small) represent maximum, half maximum and quarter maxi- 
mum torque values. The white annulus raciudes totque vectors falling within ± l<r of 
the average curve A. Curve A is an average based on selected ** typical’' muscles. 
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latter muscles, in all our records responded with a higher potential to a given 
torque than the other extensors. A graph of the Flexor carpi ulnans muscle 
(not shown) is distorted in certain directions by the clearly reco^izable in- 
Lence of the immediately underlying Flexor digitorum ^“s “u^^ 
Supramaximal spurs and asymmetries can probably . 

manner (cf. Flex. dig. subl). These effects are on the whole localized or mmov 
Certain asymmetries may be due to random influences (Flex carpi rad.) and if 
recordings had been made at finer intervals than 30 they could be better under- 

The Flexor digitorum profundus (lower right graph) is unique and is of special 
interest. Electrodes were placed over the region of the nauscle that flexed the 
fourth and fifth fingers. In the direction of the arrow, the muse e acted as a 
wrist supporter; when the forearm was rotated 180 , the 16 X 
fingers. The high torque in this direction and in the whole arc to the left (ulna 
side) was due to strong flexion of fingers 4 and 5, while the muscle was otherwise 

a wrist antagonist or stabilizer. 

The greater, than usual antagonist torque of the Flexor digitorum sublimu 
is doubtless due also to finger flexion when the muscle was f 
onist- in this instance the electrodes overlay the muscle slip to the median fing 
—the proximal finger joints were not called into as vigorous action as the series 

of joints that are moved by the Flexor digitorum profundus. 

From a check on the deviating patterns m relation to the more J 

feel that the electrical record relates primarily to the muscle below the elec- 
trodes but that there are slight influences due to the electrical state of adjacent 
muscles. The deviations of the finger flexors are additional evidences that the 

electrical record is primarily due to a specific muscle. 

Discussion. The electrical activity that is recorded in our electromyo^ams 
from regions of the forearm clearly correlates with muscle tensions. As larger 
loads are supported, muscle tensions must be increased proportionately, leai^ 
over individual muscles transmit currents that can be correlated with to 
factors Our method of tapping one region, then another, of the forearm muse e 
miss does not justify direct comparison of potentials from the various regions 
in terms of muscle forces since local conditions vary (i.e., fascial padding, pos- 
SbLTectrral variations between muscles, etc.). Methods of simu taneou 
recording, if equipment had been available, might have given data suitable for 
Ss We believe that there is reasonable evidence, apart from minor adventi- 
tious influences from adjacent muscles, to assume that the electrical records 
relate primarUy to the muscle adjacent to the electrodes. Mult^te recordings 
and methods uring needle electrodes would be a desirable supplement. 

By eq^tLg the potentials recorded from specific regio^ T'S 

torques (= muscle torques) due to loads supported, it is then possible to co^ 
peS Se activity of one muscle region with another. A number of the to™ 
muscles show a pattern that has common characteristics: agomst^^ctivity m 
the direction of straight muscle pull is-maximim; stren^h 
agonist function changes toward lateral stabilization; muscle action Loep further 
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decreases to a fraction of maximum as the muscle assumes an antagonist role. 
When the patterns are oriented so that the direction of muscle pull coincides in 
all, an average pattern of activity emerges (fig. 5). Line A in the figure repre- 
sents the average pattern when peculiarities in certain records due to finger 
action and adventitious effects (discussed above) were discarded; right and 
left sides were summated and the curve was drawn symmetrically. The white 
on each side of A represents the standard deviation. When the suspect data 
are included, the circle of dots represents the average pattern. 

The agonist torque, which in our data has a maximum value when a load 
16 X the hand torque is supported, decreases gradually to about 8X as muscle 
function changes from agonist to lateral stabilizer; the torque further decreases 
to 4X (or 5X) when the muscle acts as an antagonist. 

Figure 5 relating to the activity of typical muscles in the voluntary act of 
supporting loads, with the wrist held in a steady posture, may be interpreted 
thus: a muscle, in a position of maximum mechanical advantage, contracts 
more strongly than it would if it acts obliquely to the disturbing force. Further- 
more, it is apparent that lower but appreciable joint stabilizing forces are ex- 
erted by muscles when they are not directly supporting loads. This activity, 
but to a relatively low degree, however, is manifest in the antagonist quadrant. 
Possibly at joints where ligaments (collaterals) bear the brunt of stabilizing 
activity, such stabilizing effects of muscles might be negligible. Load sup- 
porting muscles must simultaneously support the load and counteract the 
forces of antagonists. 

The implications of this type of study are broader than the specific emphasis 
discussed.' If the typical wrist moving muscles respond in patterns such as 
outlined here, the control of a whole group of such muscles must be modulated 
by stereotyped reflex mechanisms, possibly at cord levels. It follows, then, 
that proprioceptive stimuli from these muscles in varying degrees of isometric 
contraction, must be summated in patterns that are equivalent to the tension 
patterns which exist. Stimuli should vary as one combination of muscles or 
another takes over the agonist function but a pattern of a set type should per- 
sist. Some kind of stereotyped association pattern likewise must be assumed 
to exist in neural centers and to mediate patterns of stimuli and patterns of 
response that are involved in this simple type of isometric reflex. 

SUMMARY 

1. Electromyograms from each of ten regions of the forearm muscle mass 
were made with surface electrodes while the hand, held stable and horizontal, 
supported known loads. 

2. Potentials from each of the ten regions reflected more or less closely the 
activity of specific forearm muscles underlying the electrodes. 

3. A statistical measure of range applied to records of potentials showed 
increasing values with increased loading of the hand; the latter factor was 
expressed as multiples of the hand torque. 

4. Since loads were counterpoised by a summation of muscle tensions, poten- 
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tials over a specific muscle reflected more or less the participation of this miwcle 

in the total tension pattern. ^ j * 

6. When the forearm and hand were rotated so that gravity acted aidifferrat 
angles to the plane of action of a given test muscle, potentials from the region 
overlying the muscle varied with the angular position. 

6. Typically, potentials were maximal when a muscle underl^g the elec- 
trodes was in the direct agonist position ; then the activity of the muscle was 

expended in directly counteracting gravity. , „ . 

7. The tension of a muscle (as reflected in potentials) gradual y decreased to 
about half maximum as the agonist function gave way to lateral stabiliMg; m 
this position the test muscle acted in the same horizontal plane as the wns 

^ 8 With further hand and forearm rotation, the test muscle became an 
onist, working with gravity to stabilize the carpus, and activity, as measured by 
potentials, was a third to a quarter of the maximum agonist value for a given 

loading. 
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AN EXPERIMENTAL STUDY OF EXPLOSIVE 
DECOMPRESSION INJURY* 

E. L. COREY 

From the Physiological Laboratory of the University of Virginia Medical Schoo' 
Received for publication June 20, 1947 

Explosive decompression may be defined as a sudden exposure to lowered 
environmental pressure. In common usage the term has come to connote 
exposure to rapidly lowered barometric pressure, as encountered by aircrews 
when failure of cabin pressurizing equipment occurs (due to mechanical failure 
in the aircraft, damage from gunfire, etc.), or in emergency conditions neces- 
sitating the leaving of aircraft at high altitude. Hence, studies on the effects 
of suddenly lowered environmental pressure are usually viewed as constituting 
a part of the literature of aviation physiology. However, similar conditions 
prevail in deep-sea diving (accidental “blow-up^’ from great depths) and, indeed, 
in any too-sudden ascent, as in submarine ''free-escape” and similar situations. 
The subject of explosive decompression injury thus applies to submarine physi- 
ology as well as to the specialty of aviation medicine. 

Methods. In the experiments to be described, 10 cats and 372 rats were 
subjected to 495 explosive decompressions. Cats were decompressed to simu- 
lated altitudes up to 35,000 ft. in 1.5 sec., while rats were similarly exposed to 
pressure equivalents of 50,000 ft. in 1.06 sec. and to 80,000 ft. in 0.06 sec. The 
time of decompression was calculated from high-speed motion pictures of the 
manometers connected with the various chambers used. 

Two methods of recompression were used, arbitrarily characterized as "im- 
mediate” (within 10 sec., maximum time) and "slow”. In the "slow” method, 
recompression to the 18,000-ft. level was carried out at an average rate of 200 
m.p.h., and thereafter at 20 f.p.s. This was done in an attempt to simulate the 
effects of free-fall with subsequent parachute descent on attaining the 18,000-ft. 
level. Since, under present operating conditions, recompression would take 
place at approximately the latter rate, it was felt that these experiments were 
of a more practical nature than were the former“--"immediate” recompression 
being now possible only under laboratory conditions. E. C. G. and respiratory 
tracings were secured by means of a Grass electro-encephalograph, suitably 
filtered. Blood pressure was read from a mercury manometer directly con- 
nected to the cannulated carotid artery. 

Pathology. Hemorrhage into the pulmonary tissues was the single constant 
finding, as pointed out by Latner (7). The damage was, in all cases observed, 
confined to those structures containing gas. In this respect the pathology was 
strikingly reminiscent of that resulting from exposure to blast, as described by 
Greaves et al. (4) . Its similarity to the reported pathology resulting from ' 'blow- 

» The experiments described were undertaken as part of a program of research performed 
under contract (N6-ori 116) with the United States Navy, Office of Naval Research. 
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up” in divers as weU as from accidents occurring in “free-escape” (m instances 
in which the breath was held during ascent) was, moreover, notable. This 
similarity in pathology would be expected as in keeping ivith Boyle s law of 



MINUTtS 

Fig. 1 


Fig. 3 



Fig. 2 

Fig. 1. Lethal explosive decompression in the eat. The animal was recompressed at a 

rate of 200 m.p.h. until the 18,000-ft. level was attained. Thereafter descent waslimite 

to 20 f.p.s. The effects on heart rate, blood pressure and respiratory rate are shown. 

Fig. 2. Non-lethal explosive decompression in the cat. The “1 

for 6 animals recompressed by the “slow” method as in figure 1. The transitory effects 
upon heart rate, blood pressure and respiratory rate are shown. ■ „ 

’^Fig. 3: The effect of “slow” (172 rats) and “ immediate” (200 rats) recompression ^the 
mortrfity rate of animals explosively decompressed to simulated altitudes up to 80,000 ft. 

expanding gases, since at an altitude of 55,000 ft., for example, a gas will exp^d 
to approximately 11 times its volume at sea level, and o^y the valving o 
gas through the respiratory tree can account for survival in instances of explosive 

decompression to such altitudes. • j u 

Explosive decompression injury wa¥lound to be characterized by diffuse 
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intrapulmonary hemorrhage which varied, in individual instances, from minute, 
petechial lesions to gross hemorrhage involving all of the pulmonary tissues. 
No lesions were observed in animals decompressed to simulated altitudes below 
35,000 ft. In the present series, the right lung showed more extensive trauma 
than did the left in 55 per cent of cases, while in both lungs the apical poles, 
posterior surfaces and thin, pulmonary margins appeared to be the most vulner- 
able areas. Perforation of the gut never occurred in the cats studied, and in 
but 3 of the 372 rats. There was no correlation between the weight of the 
animal decompressed and the extent or degree of pathology exhibited. That 
is to say, proportional injury was found in both large and small animals exposed 
to the same degree of decompression. 

Circulation and respiration. Immediately following decompression, both the 
blood pressure and heart rate decreased sharply. This, together with the 
engorged hearts found at autopsy, was ascribed to mechanical interference with 
cardiac output, and it is suggested that pressure upon the heart may result from 
the momentarily increased intrathoracic pressure resulting from supra-maximal 
expansion of the lungs— an opinion held by Whitehorn el al. (9). In fatal cases, 
both heart rate and blood pressure were observed to fall progressively until 
death (fig. 1), while, in a few instances, marked, alternate accelerations and 
decelerations in heart rate were seen during the few minutes prior to complete 
stasis. 

The E. C. G. ol fatal explosive decompression injury was found to be simply 
that of a dying animal, and the characteristics of the tracings obtained were 
not considered as being in any way unique. Arrhythmia was a constant finding 
in the moribund heart, with extra systoles, decreased “R’ ’-spike potentials 
and abnormalities of the “T” wave. Animals which survived (fig. 2) frequently 
showed no change in heart rate or bioelectric complex, but initial slowing of 
the heart was the rule. After animals which survived “slow” recompression 
had been brought to about 15,000 ft. simulated altitude (2.5 min.), a fall in 
heart rate and blood pressure usually occurred from which recovery to normal 
values was complete before recompression had reached the 10,000-ft. level. 
Respiratory rate and depth in such animals was little affected, except during 
the first minute of the descent, when respiratory action was slow and dyspneic. 

“Growp” {simultaneous) decompression. In experiments in which several 
rats were simultaneously decompressed, the pathology was found to be par- 
ticularly interesting (table 1). In these animals, decompressed to 80 mm. Hg 
(about 50,000 ft.) and recompi^ssed at the “slow” rate, mortality was found to 
approximate 50 per cent, although all animals had been exposed to the same 
degree of decompression for the same length of time. Furthermore, on autopsy, 
highly variable degi’ees of pulmonary injury were seen, and the appearance of 
the lungs of the different animals might vary from the normal to gross, generalized 
hemorrhage involving almost all of the pulmonary tissues. Intermediate 
degrees of injury could also be seen in these instances of “group” decompression, 
varying from a few isolated, punctate, hemorrhagic spots to diffuse areas covering 
large portions of the lung. 
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It was considered most probable that this hi^y-variable pulmona^ damage 
might best be explained on the basis of varying phases of the respiratory act 
at the instant of decompression, since all gas present within the lungs would 
expand in equal proportion and be “valved” through the trachea at rates corres- 
ponding with the size of the individual animals. This hypothesis appeared 
more tenable as an explanation of the observed variability in degi^ and extent 
of injury than considerations of possible anatomical differences m the. respiratory 
tree which might permit the “valving” of the expanding gases at different rates 

and pressures. . r • i 

ProUction. As a partial test of the above hypothesis, a series of animals 
was decompressed following the tight mechanical constriction of both thorax 
and abdomen. Such constriction was accomplished by means of surgical tape 
so applied as to permit but minimal pulmonary exchange. All of these rats 
survived, and on autopsy injury was found to be, indeed, minimal, althoug 
hemorrhagic areas were present in all of the lungs examined (table 2). 


TABLE 1 

Example of pathological variation in simultaneom (.'‘group") explosive decompression of 
rats to a simulated altitude of 50,000 ft. 

rijied within 6 minutes. Massive hemorrhage involving almost entire surface of both 


lUllgS 

B. Died within 15 minu tes. Gross hemorrhage into both lungs 

C. Survived. Gross hemorrhage along borders of both lungs 

D. Survived. Diffuse hemorrhage involving the apices of both lungs. The remainder 

of the pulmonary tissues appeared normal 

E. Survived. Both lungs normal in appearance ^ - 


Rale of recompression as a factor in survival. Experiments involving 372 
decompressions indicated that the lethal effects of explosive decompression 
are dependent, to some degree at least, upon the duration of the subscquen 
period during which the animal was restored to normal atmospheric pressure. 

Thus, in rats decompressed to a simulated altitude of 80,000 ft. (20 35 mm. 
Hg) and immediately recompressed, mortality never exceeded 25 per cent; 
while rats more slowly brought to normal barometric pressure suffered mortality 
rates up to 78 per cent (fig. 3). Moreover, in rats recompressed by the slow 
method, fatalities occurred at simulated altitudes as low as 35,0W ft., ^1^ no 
deaths took place among rats “immediately” recompressed until the 40,^-lt. 
level. No explanation for this difference in survival percentages is oflered, 
but the possibility is suggested that rapid recompression may tend to mmimire 
hemorrhage by the speedy reduction of tension on the finer pulmonary capil- 

Idiri^s. • 

Discussion. The pathology of explosive decompression is now well known in 

its essentials (1, 2, 5-9). Differences of opinion exist, however, as to the im- 
mediate cause of death, whether from the formation of gas emboh (6), anoxic 
anoxia (3), anemic anoxia and shock, or from pulmonary trauma. There is 
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general agreement, on the other hand, that structural damage, when it occurs, 
appears like blast injury to be limited to those structures containing gas. In 
addition, Livingston et aL (8) have described renal and cochlear lesions together 
with a generalized passive congestion in animals examined within a few days 
following decompression. 

The changes in respiratory rate, heart rate, blood pressure, and in the cardiac 
bioelectric complex are most probably initiated by mechanical changes within 
the thorax. Whether or not these changes are of a transitory nature appears 

TABLE 2 


Post-mortem findings in rats “protected” against explosive'decompression by means of tightly 
taping the thorax and abdomen in such a manner that only minimal pulmonary ventilation 
was permitted. All animals survived and were sacrificed 8 hrs. following the decompression 


NO. 

SIMULATED 

ALTITUDE 

i PATHOLOGICAL FINDINGS 

1 

50,000 ft. 

Lungs normal with the exception of hemorrhagic streaks on the 
posterior border of the right lung 

2 

50,000 ft. 

Both lungs mildly hemorrhagic and pink in color. The right lung 
appeared somewhat darker in color than the left. Single, grossly 
hemorrhagic spot on right lung 

3 

50.000 ft. 

Similar to no. 45 above, with single grossly hemorrhagic area in left 
lung 

4 

50,000 ft. 

Both lungs presented numerous, small and discrete hemorrhagic 
lesions 

6 

51,000 ft. 

A few small petechial spots on both lungs, with a single grossly 
hemorrhagic lesion on the right side 


to depend upon the degree of trauma brought about by the initial insult. Thus, 
Whitehorn et aL, working with dogs, found explosive decompression to be harm- 
less in all but one instance in which decompression was effected from 10,000 to 
50,000 ft. simulated altitude. It should be noted that recompression, in these 
experiments, was immediate. Although the mortality figures derived from the 
present experiments with rats are not in complete agreement with the results 
of the experiments on dogs cited above (but 75 per cent of rats decompressed 
to 80,000 ft. surviving) it appears, nevertheless, that the rate of recompression 
is definitely a factor in determining survival. 

Thus, in experiments in which animals were recompressed at such a rate as 
to simulate free-fall from aircraft and parachute descent, only 22 per cent sur- 
vived, as compared with the above 75 per cent survival for rats ‘'immediately^^ 
recompressed. It thus appears desirable that experiments performed for the 
purpose of evaluating the hazard of explosive decompression in man be designed 
so as to simulate, as closely as possible, conditions prevailing in failure of pres- 
surizing equipment or in emergency conditions necessitating parachute descent 
from aircraft. Particularly is this so since to date “immediate” recompression 
of explosively decompressed personnel is (and will probably remain for some time) 
impractical, if not impossible of achievement. 
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SUMMARY 

1. Cats and rats were subjected to 495 explosive decompressions to simulated 
altitudes up to 80,000 ft. 

2. Explosive decompression injury was found to be confined to those struc- 
tures containing gas. In the lungs, damage may vary from petechial lesions 
to gross hemorrhage involving all of the pulmonary tissues. 

3. No correlation was found between the weight of the animals decompressed 
and the extent of resultant injury. 

4. Fatalities from explosive decompression did not occur at simulated alti- 
tudes below 35,000 ft. 

5. In fatal explosive decompression, both heart rate and blood pressure de- 
clined rapidly until death. No unique criteria were detected in the E. C. G. 
of such animals— those phenomena observed being characteristic of any dying 
heart. Animals which survived exhibited a fall in both heart rate and blood 
pressure from which recovery was complete before recompression had reached 
the 10,000-ft. level. 

6. In “group” decompressions, marked variations in pathology were observed. 
These may be tentatively explained on the basis of varying phases of respiration 
at the instant of decompression. The “protection” of rats by means of tightly 
taping the thorax and abdomen was interpreted as supporting this hypothesis. 

7. The rate of recompression appeared to constitute a factor determining the 
degi’ee of damage sustained as well as in affecting the mortality rate of rats 
explosively decompressed. 
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There have been sseveral references to the action of alloxan on enzyme inhibi- 
tion. Purr (1) has shown that alloxan inhibits the activity of papain and cathep- 
sin, and Hopkins, Morgan and laitwak-Mann (2) have demonstrated the same 
elfect on the succinic dehydrogenase. Also, alloxan can act as a hydrogen 
acceptor in enzyme reactions (3, 4) and to compete with diphosphopyridine 
nucleotide in yeast fermentation (5). Alloxan has been shown to enter a rever- 
sible oxidation-reduction system (0) whi(4i is unstable above a pH of (>.(). Since 
alloxan can act as an oxidizing agent and inhibit enzyme activity, it was decided 
to investigate the action of alloxan on the glycolysis of glycogen to laedate in 
muscle extracts. 

Methods. The method used was essentially similar to that of (lemmill and 
Hellerman (7). The musetes of the hind legs of frogs were ciuickly dis.sected and 
1.5 parts of cold \vater wei*e added to eacli part of musrte. The mixture ^v£^s 
ground with sand in a chilled mortar and centrifuged. The supra’iiatant fluid 
was used for the determinations. In each Warburg vessel was placed 0.4 cc. 
of 1.3 per cent sodium bicarbonate, l.O cc. of the extract, 0.2 cc. of alloxan of a 
strength wtiicti varied witli the different experiments and 0.2 ca*. of 4.0 per 
cent glycogen was pla(;ed in the side tube. Water was added to make the final 
volume in each vessel 2.2 cc. In the earlier experiments the alloxan wtis added 
to the bicarbonate mixture before the musete exti-act. In thc^ later experiments, 
the alloxan was added after the muscle extract w as placed in the vessel in order 
that the alloxan w^ould not be subjected to the alkaline solution. After placing 
the vessels in the waiter bath, 95 per cent nitrogen and 5 per cent carbon dioxide 
were passed through the vessels for six to eight minutes. At the end of this time 
the passage of gas w^as discontinued and the side tubes were (‘losed. The vessels 
were shaken for another five minutes before the first reading wais taken, the stop- 
cocks were closed and the glycogen was spilled over into the main chambers of 
the vessels. Readings were taken for a period of one hour. The temperature 
of the w^ater bath was 25.0°C. In a few^ experiments lactate determinations were 
made by the method described by Edwards (8). 

Results. The results are given in the figures 1 and 2 and in tables 1 to 3. In 
the early experiments in which the alloxan Avas added to the bicarbonate solution 
before the muscle extract, it was found that relatively large amounts of alloxan 
were needed in order to get 88 per cent inhibition (table 1). In later experiments 

1 These experiments were aided in part by a grant from the Eli Lilly Research Fund. 

2 Experiments reported before the Am. Soc. Pharmacol, and Exper. Therap., Fed. Proc. 
«: 332 , 1947 . 
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TABLE 1 

The effecie of alloxan on glycolysis 

Experiments made with 1.0 ml, extract (1 part muscle, 1.5 parts water), 0,2 ml. of 4 
per cent glycogen and 0.4 ml. of 1,3 per cent sodium bicarbonate. Alloxan solution and 
water added to make total volume in each vessel 2.2 ml. Solutions saturated with 95 per 
cent nitrogen and 5 per cent carbon dioxide in water bath at 25.0®C. 


Alloxan added before extract Alloxan added after extract 


DATE 

ALLOXAN 

GLYCOLYSIS 

INHIBI- 

TION 


DATE 


GLYCOLYSIS 

INHIBI- 

TION 

Without 

alloxan 

With 

alloxan 

ATJ/)XaN 

Without 

alloxan 

With 

alloxan 

1947 

rngm. 

mm.* COt 

mm.* COt 

per cent 


1947 

mem. 



per cent 

Jan. 27 

1.2 

358 

338 

6 


Feb. 3 

3.6 

386 

49 

87 



364 

335 

8 




395 

51 

87 



371 

338 

9 




405 

53 

87 

28 

2.4 

469 

103 

88 


5 

3.6 

286 

21 

93 



491 

102 

89 





25 

91 



490 

104 

89 


6 

3.6 

326 

47 

86 

31 

3.6 

337 

116 

66 





49 

85 



358 

80 

88 


7 

2.4 

399 

30 

93 



351 

174 

50 





24 

94 

Feb. 1 

4.8 

400 

187 

53 


8 

0.2 

410 

410 

0 



405 

107 

74 



0.4 

415 

221 

47 



409 

133 

67 



0.6 


77 

82 








0.8 


43 

90 







10 

0.8 

263 

26 

90 










16 

94 







17 

0.8 

278 

26 

91 










28 

90 


TABLE 2 

Cysteine reactivation of alloxan inhibition of glycolysis 
Experiments made with 1.0 ml. extract (1 part muscle, 1.5 parts water), 0.2 ml. of 4 
per cent glycogen and 0.4 ml. of 1.3 per cent sodium bicarbonate. Alloxan solution and 
water added to make total volume in each vessel 2.2 ml. Cysteine hydrochloride neu- 
tralized with sodium bicarbonate added ten minutes after alloxan. First reading was 
made twenty minutes after the addition of the cysteine to the solutions. Solutjons satu- 
rated with 95 pef cent nitrogen and 5 per cent carbon dioxide in w'ater bath at 25.0 C. N, 
without alloxan; NC, without alloxan, with cysteine; A, with alloxan; AC, with alloxan 


and cysteine. 





GLYCOLYSIS, IOC. CO* VMM HOUB 

DATE ' 

ALLOXAl'f 


N 

NC 

A 

AC 


mgm. 

mgm. 





Feb. 6 

3.6 

4 

326 

530 

■ 47 

25 





49 

27 

7 

1.2 

30 

399 1 

382 

24 

200 






30 

220 

10 

0.8 

15 

263 

336 

16 

156 




26 

156 
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in which the alloxan was placed in the vessels after the extract, inhibition was ob- 
tained with 0.6 mgm. of alloxan (fig. 1 and table 1). There can be no doubt that 
the stronger alkalinity to which the alloxan was subjected in the earlier experi- 

TABLE 3 


Effect of alloxan on lactic acid formation in muscle glycolysis 
Lactic acid in mgm. 


BKOIMNING 

END or 1 HOUa 

Without alloxan 1 

With alloxan 

Without alloxan 

With alloxan 

0.62 

0.46 

1.40 

0.44 



1.36 

0.44 


Solutions used; 1 ml. extract (1 part muscle, 1.5 parts water); sodium bicarbonate, 0.4 
ml. of 1.3 per cent; glycogen, 0.2 ml. of 4.0 per cent; alloxan, 0.2 ml. of 0.4 per cent. Water 
added to each vessel to make final volume 2.2 ml. Solutions equilibrated with 95 per cent 
nitrogen and 5 per cent carbon dioxide in water bath at 25.0'^C . 



solutions: glycogen, 0.2 ml. of 4.0 per cent; sodium bicarbonate, 0.4 ml. of 1.3 per cent; 
muscle extract, 1.0 ml.; /, no alloxan; II, 0.1 ml. of 0.2 per cent; III, 0.2 ml. of 0.2 percent; 
IV, 0.3 ml. of 0.2 per cent ; V, 0.4 ml. of 0.2 per cent. Final volume in each vessel adjusted 
to 2.2 ml. with water; 95 per cent nitrogen and 5 per cent carbon dioxide; 25.0° C. 

Fig. 2. Effect of alloxan and cysteine on glycolysis. Concentration of solutions; glyco- 
gen, 0.2 ml. of 4.0 per cent; sodium bicarbonate, 0.4 ml. of 1.3 per cent; alloxan, 0.2 ml of 0.4 
per cent; cysteine, 0.3 ml. of 5 per cent. Final volume in each vessel adjusted to 2.2 ml. with 
water; 95 per cent nitrogen and 5 per cent carbon dioxide; 25.0° C. 

Curve /, cysteine; curve //, normal; curve ///, alloxan and cysteine; curve 7\ , alloxan. 

ments was destroying some of the alloxan. The relationship between concen- 
tration and the degree of inhibition with this latter method is given in figure 1. 

Since alloxan may act as an oxidizing agent, it Avas decided to determine if 
cysteine may reactivate this inhibition. Alloxan tvas added to the muscle ex- 
tract and the mixture was allowed to stand for ten minutes before the cysteine was 
added and the experiment started. The results given in figure 2 and table 2 
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show that the cysteine does relieve this inhibition. It is of interest to note that 
the reactivation only occurs during the first thirty minutes of the experiment. 
After this time the curve again becomes parallel to the base line indicating in- 
hibition was taking place again. The cysteine was not exhausted at this point 
because the solution gave a strong nitroprusside test for sulfhydryl groups at the 
end of the experiment. In another experiment, cysteine was added fifteen min- 
utes after the alloxan and similar reactivation was obtained. 

In a later experiment, determinations of lactic acid were made before and 
after a manometric experiment (table 3). No increase of lactate was observed 
when alloxan was present while in the absence of alloxan, lactate was found in 
the reaction mixtures. These results demonstrate also that alloxan was act- 
ually inhibiting the glycolysis of glycogen to lactate. 

Several months after completing these experiments, an additional experiment 
was made using the same sample of alloxan as in the former work. Only a slight 
inhibitory action was obtained. The next day, using a new sample of alloxan, 
the same results as in the previous series were obtained. Therefore, care must be 
observed to' use a fresh supply of alloxan for biological experiments. 

Discussion. Lipmann (9) has reviewed the reversible effects of oxidizing 
agents on glycolysis. He remarks that there are five enzyme systems in the gly- 
colytic system which undergo oxidative inactivation followed by reactivation 
with sulfhydryl compounds. In the present experiments, the exact enzyme 
system cannot be defined; however, alloxan can be added to the list of oxidizing 
agents which can reversibly inactivate glycolysis. 

The relationship of these experiments to the mechanism of the action of alloxan 
on the islets of Langerhans is open to conjecture. It would be interesting to 
speculate that in the islets there is an enzyme system which is very sensitive to 
certain oxidizing agents. When this enzyme system is inactivated the islets are 
destroyed and diabetes results. Goldner and Gomori (10) have criticized this 
general viewpoint on the basis that administration of other oxidizing agents does 
not produce diabetes. However, there may be a selective action similar to that 
of tetrathionate on the proximal tubular cells of the kidney (11). These authors 
point out that tetrathionate has a definite effect on the tubules but no action on 
the pancreas. Therefore, oxidizing agents may be specific in their biological 
action. The fact that other oxidizing agents of the same power as alloxan do not 
produce diabetes is not a conclusive argument against alloxan acting through an 
enzyme system in the islets of Langerhans, presumably one containing a sulf- 
hydryl group. 

The author wishes to thank Mrs. F. P. Lively for her technical aid in these 
experiments. 


CONCLUSIONS 

1. Alloxan inhibits the glycolysis of glycogen to lactate in frogs’ muscle extract. 

2. The degree of inhibition is propo^pnal to the concentration of alloxan. 

3. The inhibition of glycolysis produced by alloxan is reversed by cysteine. 
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The primary stimulus for erythropoiesis in the adult ihammal is generally 
considered to be anoxia. Since the red bone marrow is well established as the 
site of red blood cell formation, it is inferred that anoxia of the bone marrow is 
the specific requirement for the initiation of erythropoiesis. The evidence for 
this is derived from the association of erythropoiesis with the various types of 
anoxia. Thus, the well known increase in red blood cells which occurs during 
a sojourn at high altitude is the result of a low arterial p 02 (1), whereas the 
compensatory red blood cell production of chronic hemorrhage, chronic CO 
inhalation an^ certain anemias is associated with low or defective O 2 capacity 
(see 2). It is assumed that the changes in peripheral blood O 2 are paralleled 
by similar changes in the bone marrow blood. The clearest picture of marrow 
circulation is obtained from Doan’s injection studies (3). The impression 
gained from a view of the swollen venous sinusoids and numerous large veins is 
that blood flow through marrow must be slow enough to approach stagnation. 
Thus, any tendency toward subnormal p02 in peripheral blood, as encountered 
at high altitude or immediately following hemorrhage, might well be accentuated 
in bone marrow blood. So far as we are aware no direct measurements of the 
O 2 in bone marrow blood appear in the literature. For this reason the present 
study was undertaken. Simple hemorrhage was used for the production of an 
erythropoietic stimulation of bone marrow. During the period of regeneration 
various determinations of O 2 were performed on blood drawn from the red bone 
marrow of normal, unanesthetized dogs. 

Methods. Animals. Nineteen adult, mongrel dogs, 9 of which were males, 
were used in this study. The body weights ranged from 6.8 to 14.0 kgm. Their 
diet was composed of ‘‘Friskies”* and water ad libitum. 

Bone puncture. A 16 gauge Osgood bone needle with locking stylet was used. 
For ease of manipulation a short brass handle was secured to the stylet. The 
needle was cleansed with alcohol before use. The proximal end of the humerus 
was selected as the site of routine puncture because this portion of the bone 
contains red marrow sud lies only a few millimeters beneath the skin. After 
clipping the hair and Swabbing the skin over the humerus with alcohol, the 
skin and subcutaneous tissues overlying the periosteum were infiltrated with 
approximately 0.2 cc. of 1 per cent procain. The Osgood needle was held 

^ A preliminary report of this work appears in Fed. Prpc. 6: 114, 1947. 

* Aided by a grant from the Josiah Macy Jr. Foundation. 

» Carnation Co., New York City. 
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parallel to the long axis of the bone and thrust through the skin and periosteum 
of the greater tubercle of the humerus by imparting torque to the needle. With 
only moderate pressure the needle was pushed 2.5 cm. into the proximal end of 
the bone. The adjacent upper half of the surgical neck of the humerus was 
avoided as a puncture site because of its numerous vascular foramina. At 
different times samples were obtained from the same bone by slightly varying 
the site and angle of penetration. In any one bone, punctures were made 
usually at intervals of 1 week. Right and left humeri were employed alternately, 
an individual bone being punctured no more than 5 times. Bone puncture has 
been performed in some 40 dogs; evidence of temporary trauma has been ob- 
served in only two instances. Similar punctures have been carried out in four 
different bones of dogs as well as in the humeri of cats, rabbits, and rats. 

When the puncture had been made and the stylet withdrawn, blood soon 
appeared in the cup of the needle and usually overflowed at the rate of a drop 
every 5 to 20 seconds. By attaching a syringe, large quantities of blood could 
be slowly withdrawn. Fat droplets were observed in bone blood samples but 
never bone spicules nor other fragments of tissue. Blood so obtained was, in 
most instances, similar to jugular venous blood in O 2 content and hematocrit 
value. A large number of immature blood cells were observed in Wright stained 
smears of bone blood, and their numbers far exceeded those found in jugular 
venous blood even after as much as 1 cc. of blood had been removed from the 
bone needle.'* The removal of larger amounts of blood from the humerus than 
could conceivably be contained in the bone indicates that such samples must be 
diluted with peripheral blood. To reduce the possibility of dilution the major 
portion of analyses were performed on the first 0.15 cc. of blood appearing in 
the cup of the needle. 

Analytical methods. O 2 saturation of blood was calculated from O 2 content 
and capacity measurements obtained by the use of micro methods. The O 2 
content was estimated on 0.04 cc. of blood using the syringe technique of Rough- 
ton and Scholander (4). O 2 capacity was also measured on a 0.04 cc. sample 
by modifying the Roughton and Scholander method (5). CO 2 content was 
determined manometrically (6), using 0.10 cc. of blood. Direct measurement 
of O 2 and CO 2 tensions in blood were carried out on 1 cc. samples as described 
by Riley et al. (7). Duplicate determinations, when made, yielded maximum 
differences of 6 mm. Hg for PO 2 and somewhat less for PCO 2 . An occasional 
pH measurement of blood was obtained with the glass electrode on 0.1 cc. of 
blood diluted anaerobically with saline to 1.0 cc. 

Hematocrit values were estimated with Van Allen (8) hematocrit tubes which 
require less than 15 cu. mm. of blood. The diluent used was isotonic sodium 
oxalate. Erythrocyte and leucocyte enumerations were carried out in the 
usual manner. Figure 1 presents a correlation between hematocrit values and 
red blood cell counts of 10 animals, and figure 2 relates hematocrit and O 2 ca- 
pacity values in 11 animals. Reticulocyte percentages were obtained by 

^ The authors wish to thank Dr. Peter Orahovats for his kindness in performing the 
hematological examinations. 
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counting 1000 cells on a dried smear after vital staining with brilliant cresyl 
blue. In certain experiments plasma volume was estimated by means of the 

blue dye, T-1824 (9). , 

Sampling, Blood samples were drawn directly from the cup or syringe end 
of the needle inserted without stasis in jugular vein or marrow substance. Ana- 
erobiosis was accomplished by placing the tip of the Roughton-Scholander pi- 
pette beneath the surface of the blood advancing into the cup. This process 
required only a few seconds, and no evidence of atmospheric contamination was 
ever observed (see also 10). Once the pipette was filled, its contents were 
delivered into the analyzing syringe and the analysis started in less than a 
minute. Coagulation was prevented by using air dried pipettes which had 
previously been rinsed with a 1 per cent heparin solution. 



R.B.C miuwt CAPACITY 

VOLt % 


Fig. 1 ^*8- 2 

Fig. 1. The relation of the red blood cell count to the hematocrit value (Van Allen). 

Data from 10 dogs. i nr 

Fig. 2. The relation of O 2 capacity (micro-method) to the hematocrit value (Van Allci . 

Datai from 11 dogs. 

Procedure. The control determination consisted of one or two sets of mea- 
surements. Both bone and jugular venous blood samples were taken from 
animals which had not been fed for some 18 hours and which had been lying 
quietly on an animal board for at least 15 minutes. 

Twenty-eight to 32 per cent of the blood volume was removed from a needle 
inserted in the femoral artery. In 2 instances the blood volume was determined, 
but in the remainder a blood volume of 95 cc. of whole blood per kgm. of body 
weight was alssumed. Hemorrhage was completed in less than 10 mmutes. 

Within 20 to 40 minutes from the completion of hemorrhage jugular venous 
and bone blood samples, were removed and analyzed as in the control period. 
Os content and capao# determinations together with hematocrit values and 
red blood cell counjie wejfe determined on most of the animals. In others, 
COs content, pH, d&ect pOs, and direct pCOs were estimated on both bone and 
venous bloods while sw^ite blood cell counts, reticulocyte percentages, and total 
blood volume were measured using veno us b lood samples. 

A second posi^hemorrhagic series of measurements was made 20 to 24 hours 
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later. Determinations were then repeated at 3 to 6 day intervals for about 3 
weeks. The study of hemorrhaged animals was rarely continued to the point at 
which the erythrocyte levels had returned to those of the controls. Since we 
were concerned with the relation of O 2 in bone marrow blood to the initiation of 
erythropoiesis, the first two weeks after bleeding were most important. 

|iESULT8. Normal hone blood values. In view of the lack of information con- 
cerning blood gas values of blood circulating through normal bone marrow, var- 
ious measurements made during the control period have been assembled and are 
presented in table 1. These data will be discussed later. 

Erythrocyte concentration. In 11 dogs studied for 19 to 26 days after hemor- 
rhage, the red blood cell count fell rapidly and approximately one day later had 
reached its lowest level. A gradual increase was observed over the remainder of 
the period and at 21 days the count ot several animals had returned to that of 



I'ig- 3 Fig. 4 

Fjg. 3. The response of the jugular venous red blood cell count and of reticulocyte 
|)ercentage to a 30 per cent hemorrhage. 

Fig. 4. The effect of 30 per cent hemorrhage on the hematocrit value (Van Allen) and 
O 2 content of jugular venous and bone marrow blood. The first post -hemorrhagic values 
were ob(,ainod 30 minutes after bleeding. At this time the hematocrit percentage is hardly 
altered but the O 2 content has decreased considerably. 

the control level. As an index of active regeneration, venous reticulocyte per- 
centages were measured in three animals. A sharp but transient rise in the re- 
ticulocyte level occurred from 5 to 8 days after bleeding. The red blood cell 
count and reticulocyte percentage curves of a typical bled dog are shown in 
figure 3. 

Changes observed in the hematocrit values were similar to those shown by red 
blood cell counts. Hematocrit measurements were made on both venous and 
bone marrow blood and were followed more closely than was the erythrocyte 
enumeration. No consistent difference was observed between hematocrit 
values of bone and jugular venous bloods of 15 normal dogs obtained during the 
control period. At this time average venous and bone blood readings were 40.7 
and 41.0 (table 1), respectively. In samples removed within the first hour after 
bleeding, the values had decreased by 1 to 5 hematocrit divisions (fig. 4). Under 
the adopted schedule, minimal hematocrit readings, 7 to 18 divisions below con- 
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trol, were observed 24 hours after the blood loss indicating that compensating 
dilution had occurred. Readings obtained 2 to 3 days later were either identical 
with the previous one or slightly greater. In the ensuing 3 weeks, hematocrit 
values rose steadily. In general, hematocrit measurements of bone and venous 
bloods were similar. 

Blood volume determinations were made on 2 dogs, before and 3 days after the 
standard hemorrhage. Typically, in 1 animal the loss of 32 per cent of total 
blood volume resulted in a decrease in hematocrit value and red cell volume while 
dilution of the plasma with tissue fluid occurred. Three days after bleeding the 
total blood volume had been restored to 92 per cent of control value. 

Oxygen content, capacity, and saturation. During the control period the Oj con- 
tent of bone and jugular venous bloods agreed within the error of the methods 
used (table 1). The average value was 13.7 vol. per cent. Twenty to 40 min- 
utes after hemorrhage, bone and venous samples showed striking decreases in the 

TABLE 1 


Control determinations (parried out upon bone and venous bloods of normal dogs 



VEW I 

BONE 


Number 
of sam- 
ples 

Number 
of dogs 

Average 

Range 

Number 
of sam- 
ples 

Number of 
dogs 

Average 

Range 

O2 vol. % 

20 

14 

13.7 

8.8-18.5 

20 

14 

13.72 

9.5-19.0 

Hct. % 

31 

15 

40.7 

30.9-49.5 

24 

15 

41.0 

33.0-49.3 

O2 cap. vol. % 

15 

10 

18.3 

13.6-20.4 

8 

8 

17.03 

14.6-20.3 

O2 sat, % 

9 

9 

75 

59-85 

8 

8 

78 

65-92 

PO2 mm. Hg 

10 

5 

54 

42-72 

10 

5 

65 

* 55-73 

PCO2 mm. Hg 

11 

5 

42.1 

35-50 

11 

5 

43.8 

36-56 

CO2 vol. % 

4 

2 

40.4 

39.6-41.5 

3 

2 

38.8 

37.5-41.2 

pH 

1 

1 

7.35 


1 

1 

7.35 



Q 2 content (fig. 4) which amounted to a reduction of 5 to 12 vol. per cent below 
the control level. This represents a loss of more than half the normal amount of 
O 2 carried by a unit volume of blood. Concomitant with this marked deficit 
in O 2 content, the hematocrit value declined only slightly . O 2 capacity of blood 
which followed a course parallel to that of the hematocrit percentage (see fig. 2) 
also showed a small decrease 20 to 40 minutes after bleeding. In the immediate 
post-hemorrhagic period, the blood of vein and bone had retained the major 
portion of its O 2 carrying capacity, yet the quantity of O 2 present in the blood 
was halved. Percentage |0i saturation, which averaged 76 in jugular and 78 in 
bone blood during the control period, declined within* 20 to 40 minutes after 
hemorrhage to values ranging betwen 18 and 50 in both bone and vein (fig. 5). 
Although no direct measurements were made, it was suspected that the low O 2 
saturation was a result' of decreased circulatory rate in the areas studied. An 
indication of this was observed in the slowing of blood flow from needles in bone 
substance and vein during sampling. 
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Twenty*four hours after hemorrhage, the volume of whole blood lost by bleed- 
ing had been replaced by tissue fluid. The increased plasma volume and de- 
creased hematocrit value have already been noted. In bone and venous blood 
samples taken at this time, Oa content had risen 1 to 8 vol. per cent above the 



DAYS 

Fig. 6 Fig. 7 

Fig. 5. The percentage O 2 saturation of both jugular venous and bone marrow blood 
is markedly decreased immediately after 30 per cent hemorrhage. The values for bone 
blood rapidly attain the control level while those of jugular venous blood remain for some 
time below this range. 

Fig. 6. The effect of 30 per cent hemorrhage upon the O 2 tension of bone marrow blood. 
The observed points were determined by the method of Riley et al. (7). The calculated 
values were obtained by applying the O 2 saturation determinations to Barcroft’s O 2 dissocia- 
tion curve for dog’s blood (11). 

Fig. 7. The effect of the removal of 30 per cent of the red cell volume by 6 equal hemor- 
rhages over a period of 3 days upon the O 2 saturation and the O 2 capacity of bt)ne marrow 
and jugular venous blood. 

values attained a few minutes after hemorrhage (fig. 4). During the following 3 
weeks, O 2 content gradually approached the control level. In this period, bone 
marrow blood consistently yielded an O 2 content 2 to 4 vol. per cent above that 
of jugular venous blood. 

The percentage O 2 saturation on bone and venous bloods, which immediately 
after bleeding was markedly reduced, had increased dramatically to approach 
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control levels 24 hours later (%. 5). Although the O 2 content remained low, the 
reduction in O 2 capacity by dilution of the blood raised the O 2 saturation. Bpne 
samples generally showed saturation measurements within the control range, 
20 to 24 hours following the bleeding. Venous blood, while much increased over 
its previous level, remained below the control range for 2 to 3 weeks and occasion- 
ally longer. Blood samples were obtained more readily from both vein and bone 
a few days after bleeding than was the case immediately following, hemorrhage. 
On the basis of routine inspection, blood flow from inserted needles was much 
accelerated and often exceeded the control velocity. 

Oxygen tension. In order to evaluate O 2 tension of bone marrow blood, per- 
centage oxy -hemoglobin values were applied to the O 2 dissociation curves for 
dog blood constructed by Barcroft (11). Although this curve was not pre- 
pared under conditions identical with those of this study, it permits a first ap- 
proximation of the PO 2 . According to the Barcroft curve the average control O 2 
saturation of 78 per cent (8 dogs) gives a p ()2 value of 57 mm. Hg. Figure 6 
shows O 2 tensions derived in this manner. From this graph it may be ob- 
served that the pronounced depression of p 02 in the first post-hemorrhagic hour 
has almost completely disappeared in bone marrow blood 24 hours later. 

The PO 2 estimates obtained indirectly from O 2 saturation measurements are 
compared with those obtained by direct determinations of O 2 tensions using the 
Roughton-Scholandcr syringe as described by Riley et al. (7). Control values 
on 5 animals arc listed in table 1. The average of 10 analyses of bone blood was 
(55 mm. Hg with a range of 55 to 73 mm. Hg. The average p02 determined 
directly, therefore, agrees reasonably well with the value of 57 mm. Hg obtained 
indirectly. More important in this study than the absolute values of O 2 
tension were the relative changes following blood loss. In this respect, the 
PO 2 changes estimated directly closely parallel those derived from the O 2 
dissociation curve (see fig. 6). 

Carbon dioxide. A detailed study of CO. and pH is beyond the scope of 
the present investigation. A few exploratory measurements, however, were 
made and control values are included in table 1. 

Length of stagnant anoxia. The foregoing sections have indicated that an 
abrupt depression of the O 2 saturatkai occurred in bone blood immediately 
following a 30 per cent hemorrhage. Twenty -four hours later the O 2 saturation 
had returned to the control range. To determine more precisely the duration 
of low O 2 saturation, measurements of bone blood were performed at hourly 
intervals after bleeding. This procedure was carried out in 2 animals. During 
this period, blood dilutiblR" proceeded gradually at a uniform rate as noted from 
the declining hematocrit and O 2 capacity values. After the immediate decrease, 
O 2 content rose slowly. The O 2 saturation which was markedly depressed at 
the close of hemorrhage returned to normal in the 2 animals in 3 and 5 hours, 
respectively. 

Elimination of stagnant anoxia. In an attempt to reduce or to eliminate the 
low O 2 saturation following hemorrhage, J dogs were bled so that 30 per cent of 
the calculated red cell volume was removed. This was accomplished by drawing 
blood in 6 equal quantities over a period of 3. days (fig. 7). Blood dilution, of 
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course, makes necessary the removal of more than 30 per cent of the total blood 
volume in order to reduce the red cell volume by 30 per cent. The usual con- 
trol determinations were made prior to. the first of the series of 6 hemorrhages, 
and thereafter measurements were repeated 20 to 40 minutes after every other 
bleeding. No marked drop in percentage of oxygen saturation was observed 
in measurements of bone and venous bloods, either during or following the 
periods of divided hemorrhages. In 1 animal a single determination of bone 
blood O 2 saturation showed 12 per cent decrease and in the other dog a similar 
change occurred in one of the samples of venous blood. In all other instances 
the values coincided with or exceeded the control levels. Dogs were studied 
for the customary period of 3 weeks; and recovery curves of hematocrit readings, 
O 2 capacities, and O 2 content as well as percentage O 2 saturations were found to 
parallel those obtained from animals which had been subjected to the single 
standard hemorrhage. For all practical purposes, the temporary post-hemor- 
rhagic depression of percentage O 2 saturation was abolished by the repeated 
small hemorrhages, yet the evidence indicates that erythropoiesis proceeds as 
after a single massive bleeding. 

Discussion. Source of hone blood. Although at present no definite state- 
ment can be made concerning the exact source of bone blood samples, certain 
inferences can be drawn. For example, dissection and histological examination 
demonstrate that the tip of the bone sampling needle rests well within the 
confines of red marrow. This statement is substantiated by the presence in the 
drawn blood of large numbers of immature erythrocytes and leucocytes as well 
as megakaryocytes and fat droplets. Additional information is provided by 
blood gas measurements. The O 2 saturation of normal bone blood which is 
similar to that of jugular venous blood is well below that of arterial blood. 
Thus, on the basis of O 2 saturation, we consider that bone blood is venous in 
character. 

Blood samples can be obtained from punctures made in different regions of 
the head of the humerus as well as from several other bones. As mentioned 
previously, blood has been drawn from the bone marrows of several different 
animals commonly used in the laboratory. These statements suggest that 
blood is not removed from any single specialized vessel, but rather from a 
diffuse series or network of vessels common to diverse bones and animals. Mar- 
row venous sinusoids would conform to the latter possibility since they are 
numerous, wide and highly typical of bone marrow. 

Successively drawn bone samples have been studied in a series of G aiiiUials. 
The average arterial O 2 content exceeded that of bone blood by 4.0 vol. per 
cent. Comparison of the O 2 content of the first drop of blood from bone with 
the O 2 content of a second drop of blood obtained from the same bone needle 
after 3 to 10 cc. of blood had been aspirated and discarded, showed that no 
significant increase in O 2 content occurred. The failure of the O 2 content of the 
second drop of blood to approach the arterial O 2 level suggests that even when 
10 cc. of blood are withdrawn, the latter portion is obtained from venous rather 
than from arterial sources. 

That large bone blood samples must in part be derived from extramedullary 
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vessds is indicated from the following measurement. The blood contained in 
the humerus was calculated from the carbon monoxide capacity of an aqueous 
extract of the crushed bone. According to this determination the maximal 
blood volume of a single dog*s humerus was roughly estimated as 10 per cent 
on wet>weight basis. Volumes of blood which may easily be withdrawn far 
exceed this first approximation of the total quantity contained in the bone. 

In this study the major portions of all analyses were performed on the first 
0.15 cc. of blood which welled into the needle. During its passage through 
marrow substance the bone needle probably ruptures veins and venous sinusoids, 
dislodging clusters of parenchymal cells and fat globules. Material thus liber- 
ated is forced into the needle by the pressure of the blood. We believe that 
under these circumstances, small samples (0.1 to 0.2 cc.) are not contaminated 
by extramedullary blood, but rather that they are representative of the blood 
present in bone marrow. 

Post-hemorrhagic anoxia. Hemorrhage is a common method of producing 
erythropoietic stimulation. As is well known, blood loss is followed by a tran- 
sient period of stagnant anoxia, which is succeeded by a state of anemic anoxia. 
The interval of stagnant anoxia lasts the same length of time in the bone marrow 
as in the jugular venous blood. This is surprising, for marrow is generally 
visualized as a region of extremely sluggish blood flow. 

If low O 2 saturation of bone marrow blood be the stimulus for erythro- 
poiesis, its influence must be exerted in from 3 to 5 hours. According to the 
data obtained from studies carried out at high altitude and in the low pressure 
chamber, short periods of low O 2 saturation and tension appear insufficient to 
accelerate red blood cell production (12). However, it can be postulated that 
even a 3 hour period of stagnant anoxia might act as a ^'trigger mechanism’’ in 
initiating erythrocytic regeneration. By the use of 6 small hemorrhages, 
spaced over a period of 3 days, the usual reduction in O 2 capacity was achieved 
with little if any dimunition of percentage O 2 saturation of bone and venous 
blood. Nevertheless, regeneration of lost erythrocytes proceeded in a manner 
similar to that following a single 30 per cent hemorrhage. The transient stag- 
nant anoxic phase appears to be of small importance since its abolition produces 
no discernible difference in regeneration rate. It is interesting to note that 
Warren’s (14) metabolic studies of bone marrow made in vitro offer no support 
for the concept of erythroid cell stimulation by lowered O 2 tension. 

This conclusion suggests that if anoxia be the stimulus for erythropoiesis it 
must act during the period of anemic anoxia. At this time the red cell count, 
the hematocrit value, the O 2 content and the O 2 capacity of bone and venous 
bloods are reduced below the control values. The O 2 saturation and O 2 tension, 
however, lie within the ranges of the control determinations. The red cell 
count and the hematocrit changes are probably not concerned with marrow 
stimulation for these are not reduced by a degree of carbon monoxide saturation 
which eventually produces polycythemia (13). These observations suggest 
that the occurrence of post-hemorrha^c erythropoiesis at sea level O 2 pressure 
is not dependent upon a decrease in er 3 rthfocyte numbers, but may be related to 
a deficiency in the O 2 content and the O 2 capacity of the blood. 
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Relation of red cell recovery to blood reservoirs. The results reported in this 
paper are concerned only with the changes which follow a single hemorrhage 
amounting to 30 per cent of the circulating blood volume or to the response 
shown by dogs in which 30 per cent of their circulating red cells have been re- 
moved over a period of several days. Under these circumstances some of the 
recovery in hematocrit values, red cell counts, etc., may have occurred at the 
expense of blood reservoirs. Since the same pattern of recovery was seen fol- 
lowing hemorrhage in 2 splenectomized dogs we are not inclined to attribute 
undue importance to the r61e of the blood reservoirs. Moreover, the reticulo- 
cytosis shown in figure 3 suggests increased activity in the bone marrow. We 
are aware of the fact that the removal of 30 per cent of the red cells does not 
produce maximal stimulation of the bone marrow. Nevertheless, hemorrhages 
of this magnitude can be followed by recovery of the red cell mass without 
changes in the O 2 tension or saturation of bone marrow blood. 

SUMMARY 

A technique for the removal of blood samples from the interior of red bone 
marrow of the unanesthetized dog is described. 

Blood so obtained was studied during a period of erythropoietic stimulation 
induced by a single 30 per cent hemorrhage. O 2 content, O 2 capacity and 
hematocrit value of bone marrow and jugular venous blood are decreased after 
hemorrhage. A gradual recovery occurs during the following three weeks 
indicating red blood cell regeneration. O 2 saturation and 0^ tension although 
markedly decreased immediately after a single hemorrhage return to control 
levels within 3 to 5 hours where they remain during the subsequent period of 
observation. 

Abolition of the transient decrease in O 2 saturation can be accomplished by 
repeated removal of small quantities of blood over a period of several days. 
Under these circumstances, the erythropoietic response is the same as that 
following the single hemorrhage. 
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It has been established that blood volume of man increases during exposure 
to heat and decreases during exposure to cold (1-3) but a description of the 
details of this phenomenon is lacking. Experimental study is rendered difficult 
by the necessity for confining human subjects to a single room for days or weeks, 
by the complex manner in which environmental temperature influences blood 
volume, and by variation of the volume and composition of the blood with the 
season of the year (4). 

This report is limited to the effects produced by exposure (to either heat or 
cold) of about one week. It is possible that further important changes occur 
on longer exposure. Seasonal influences have been avoided to a great extent 
since a separate investigation of this phenomenon has enabled us to perform our 
experiments at times of the year suitable to our purpose. 

During the course of these experiments, it was found that circulating plasma 
protein increases progressively in amount during the day (waking) and decreases 
during the night (sleeping). Further study indicated that posture is the factor 
chiefly responsible for these changes. 

Experimental methods and procedures. Analytical methods. The dif- 
ferential electric photometer of this laboratory (4) was employed to determine 
concentrations of carboxyhemoglobin and of total hemoglobin. Calibration for 
optical density readings was made using grey glass filters of known transmission 
(determined by Bureau of Standards). A detailed description of this instrument 
has been published (4).^ 

Percentage saturation of hemoglobin with carbon monoxide is calculated 
from determination of transmission (T) of the green (X 546) and yellow (X 578) 
lines of mercury, employing the relationship given below. 

-logT546 _ eiC + 02(1-0 

-logtfi^ ’ 08 0 + 64(1 - C) 

Where Oi and 02 are the respective extinction coefficients of carboxyhemoglobin 
and oxyhemoglobin for X546 ; Oi and 64 are corresponding values for X 578 ; and C is 
the fraction of hemoglobin combined with carbon monoxide. 

It is convenient in actual practice to determine tlie relationships between 

^ This investigation was supported by a Life Insurance Medical Research Fund grant 
to Prof. H. C. Bazett. 

2 Since this publication, changes have been made in the photometer by Drs. M. E. Max- 
field and H. C. Bazett. These were necessitated by alterations in the available mercury 
vapor lamps . The changes made are indicated tn an appendix to this paper . 
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extinction coefficients rather than actual values. Letting - == L; - = M; and 

e 2 ei 

- = N, we have 
02 

— log T 546 _ 1 + C(L — 1) 

^^"T678 ~ me' + NO”- c) 

The value for L, determined using samples of pure carboxyhemoglobin and 
oxyhemoglobin, is very close to 0.96, which is the value employed by others 
(4, 5). Values for M and N seem to be dependent upon relatively slight modifi- 
cations of the apparatus and are changed in the same direction by any such 
modification. In our experience, values for M and N lie within the limits 
0.745-0.747, and 1.104-1.114, respectively. Because of this variability, M and 
N should be determined at frequent intervals if absolute levels of carboxyhemo- 
globin are desired. For determination of differences between two samples in 
concentration of carboxyhemoglobin (as in blood volume estimation) the vari- 
ability in values for M and N introduces an error of only 1 to 2 per cent (in 
the estimate of blood volume) 

The concentration of total hemoglobin is calculated from determinations of 
transmission of the green line of mercury (X 546) 

Hematocrits are obtained with tubes (six tubes are used for each determina- 
tion) which are centrifuged one hour at a six^ed of 22()() rpm w ith an arm length 
of 18 cm. Hematocrit values are multiplied by the factor (0 96) to correct for 
plasma contained between packed erythrocytes. Values given in the tables are 
so corrected. 

Protein concentrations of serum (or plasma) are estimated routinely from 
specific gravity determinations according to the technique described by Phillips, 
Van Slyke et al. (6). The biuret method of Kingsley (7) is also used occa- 
sionally. 

Preparation of blood samples. For determining concentrations of carboxy- 
hemoglobin and of total hemoglobin, 0.4 cc. of heparinized blood is placed in a 
12 cc. centrifuge tube nearly filled with saline saturated with oxygen. After 
shaking, the tube is centrifuged (10 min.) and the supernatant fluid removed. 
The tube is then filled to the calibrated level with oxygenated 0.1 per cent 
Na2C08. The tube is shaken until hemolysis has occurred and again centri- 
fuged (1 hr.) to separate particulate matter. The optically clear supernatant 
fluid is transferred to a spectrophotometric cell for determination of light trans- 
mission. Care is taken with samples that are to be analyzed for carboxyhemo- 
globin to prevent unnecessary exposure to air with consequent loss of carbon 
monoxide. 

Determination of blood volume. Most of our observations (except those 

® Values for hemoglobin concentration determined on this instrument are in close agree- 
ment with values obtained on the same solutions using a standard spectrophotometer. We 
are indebted to Dr. D. L. Drabkin of the Department of Physiological Chemistry for an- 
alyzing several of our solutions for hemoglobin. 
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dealing with diurnal or postural effects) were made on subjects in the basal 
state. The general technique of administering carbon monoxide is similar to 
that employed previously (4). Following a control blood sample (drawn without 
stasis from an antecubital vein), carbon monoxide (approximately 90 cc. in 5 to 
10 1. of oxygen) is respired for 22 to 24 minutes. A second sample of blood is 
then taken. The difference between the two samples in carboxyhemoglobin 
concentration (in per cent) divided into the hemoglobin equivalent'* of the 
amount of carbon monoxide that has been absorbed,^ is considered to represent 
the total quantity of circulating hemoglobin (Total Hb). From this figure 
blood volume (B.V.) may be obtained using equation (1), and total protein 
(Total Pr), using equation (2). 


^ Total Hb 

XlUconc. 


(2) Total Pr = Pr<,„„c. X B.V. X (1 - 0.96 hematocrit) 


These equations may be combined to give equation (3). 

(3) Total Pr - Total Hb [ Ft— X - 

L llDoonc. J 


Letting the reciprocal of the expression in parenthesis equal R, we have 


TLotal Hb Hbconoj 

T^bal Pr Proonc. X (1 — 0.96 hematocrit) 


As indicated in equation (4) the ratio (R) of total quantity of circulating 
hemoglobin relative to total quantity of circulating plasma protein can be de- 
termined from data obtained on a single sample of blood. The ratio which is 
easily determined is useful in indicating whether or not a change in amount of 
hemoglobin relative to protein has occurred but, of course, does not indicate 
which substance is involved. For example, the possibility exists that the quan- 
tity of both hemoglobin and protein may change in the same direction to such a 
degree as to leave the ratio unaltered. 

Accuracy of determinations. Accuracy of estimates of total hemoglobin 
depend to a great extent upon the accuracy with which concentrations of carbon 
monoxide are estimated; however, other factors introduce sporadic errors. 
With our most precise procedure all values arc probably correct to within ± 5 
per cent. Estimates of values for the ratio of total hemoglobin to total plasma 
protein appear to have an accuracy of approximately the same degree. 

* One and thirty-four one-hundredths cubic centimeters of carbon monoxide under stand- 
ard conditions (dry at 0°C and 760 mm.) is assumed to combine with one gram of hemoglobin. 

® Estimated to be 99 per cent of the amount of carbon monoxide introduced into the 
respiratory apparatus. Purity of stock carbon monoxide is estimated by analyzing for 
oxygen. If stock carbon monoxide is stored under water, the proportion of oxygen to nitro- 
gen is approximately the same as their proportionate solubilities in water under an atmos- 
phere of air. 
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Description of experiments. Environmental studies. Many of the data 
reported here were obtained on two young men® who were confined to a psy- 
chrometric room maintained at the temperature desired. In one experiment 
carried out during the latter part of July (summer experiment) the room was at 
first maintained uncomfortably warm (91°F., dry bulb; 82°F., wet bulb) for six 
days; then the room temperature was lowered and maintained uncomfortably 
cold (69°F., dry bulb; 60°F., wet bulb) for six days; this was followed by a period 
of four days in which the room was again maintained at the original uncomforta- 
bly warm level. In a second experiment, carried out in the latter part of De- 
cember and first part of January (winter experiment), the room was at first 
maintained uncomfortably cold (69°F., dry bulb; 59°F., wet bulb) for two days; 
this was followed by a warm period (91°F., dry bulb; 83°F., wet bulb) of seven 
days* duration at the end of which time the room was again maintained at the 
original uncomfortably cold temperature for one-half day. 

Blood volume of each subject was determined on alternate mornings (8-9 a.m.) 
during these experiments. In the winter experiment, samples of blood were also 
taken each afternoon (4-5 p.m.) and on those mornings that determinations of 
blood volume were not made. 

Diurnal studies. The data obtained on mornings and evenings during the 
winter experiment (see above) were supplemented by determinations of volume 
and composition of blood of several laboratory workers at night (4-5 p.m.) and 
the following morning (fasting) after arriving at the laboratory. Subjects were 
instructed to avoid extremes of temperature between the t' o determinations; 
otherwise environmental temperature was not controlled. 

Postural studies. Preliminary postural studies were made during the course 
of experiments designed to study the influence of environmental temperature 
on blood volume (summer experiment). In these studies, subjects were required 
to stand for one half hour (following routine blood volume determination in the 
resting, fasting state) at which time blood samples were again drawn. Since 
subjects remained connected with the respiratory apparatus during this period, 
these additional blood samples were analyzed for carboxyhemoglobin to deter- 
mine whether standing caused additional hemoglobin to appear in the circulatory 
system. 

In other postural studies, blood samples from fasting subjects were obtained 
at intervals throughout two periods of four hours. In one of these two periods 
(scheduled a day or two apart), subjects lay completely at rest; in the other 
period, subjects sat passively in bed with the back supported. Reading was not 
allowed in either experiment. Room temperature was maintained constant at 
the same comfortable level throughout the experiments. 

The remaining studies on posture were of longer duration (24-34 hrs). In one 
of these experiments, the time was divided into five periods of seven hours in 
which the subject was alternately lying at rest (reading was allowed) or sitting. 
In a second experiment, the subject lay at rest or slept for 12 hours and then sat 

® One subject was an American-born Japanese (Y) (age, 21; ht., 160 cm., wt., 51.1 kgm.); 
the other a native Porto Rican (R) (age, 23; ht., 178 cm., wt., 59.0 kgm.). 


632 


SPEALMAN, NEWTON AND POST 


for 12 hours. In a third experiment the subject remained in bed (reading or 
sleeping) for 34 hours. 

Control studies. Known amounts of plasma protein^ were infused in four 
subjects to determine the exactness with which changes in quantity of circulating 
plasma protein were estimated. Infusions were made at rates of 4-10 cc. per 
minute. In most instances determinations of blood volume were made before 
and subsequent to the infusion. Blood samples, taken at suitable intervals, 
indicated changes in blood composition. 

Results. Environmental studies. During the first six (warm) days of the 
summer experiment there was very little change in hemoglobin concentration or 
serum protein concentration (fig. 1). This was expected since the subjects had 
been exposed previously for several weeks to warm summer weather. When the 
room was cooled at the end of the sixth day, both hemoglobin and serum protein 
quickly became more concentrated and remained so throughout the cold period. 
During the first part of the cold period, there was a decrease in total quantity of 
circulating serum protein, as shown by the fact that the ratio of total hemoglobin 
to total serum protein increased without appreciable change in amount of total 
hemoglobin;, On rewarming the room, hemoglobin concentration, protein 
concentration and total amount of protein approached levels existing previous to 
cooling. 

The winter experiment began with a cold period (two days) during which time 
the ratio of total hemoglobin to total serum protein attained approximately the 
level that existed during the cold period of the summer experiment. In the 
following warm period (7 days), protein concentration and hemoglobin concen- 
tration declined cpiickly and remained at lower levels (fig. 2). The quantity of 
circulating plasma protein increased rapidly at first and then more slowly 
throughout this period as indicated by the decrease in ratio of total hemoglobin 
to total serum protein without change in quantity of total hemoglobin (fig. 2). 
At the end of the final cold period (one-half day) all values tended to approach 
levels existing during the first cold period. 

Diurnal studies. Analysis of blood samples, taken daily at 4-5 p.m. during 
the winter experiment, showed a consistently lower (4 per cent) ratio of total 
hemoglobin to total serum protein than that shown in the morning (10 a.m.) 
(table 1). However, data were not obtained at this time which permitted a 
decision as to whether total hemoglobin had decreased in amount during the day 
or whether serum protein had increased in amount. In a later study, deter- 
minations of total hemoglobin were made at night and the following morning on 
several subjects who were allowed to follow their usual daily routines. There 
was no significant diurnal variation in amount of hemoglobin (table 2). In 
these experiments the average ratio of total hemoglobin to total serum protein at 
night was 5 per cent lower than in the morning. 

Postural studies. Although the ratio of total hemoglobin to total serum 
protein was not altered detectably^ within one-half hour after changing from 

f Sharp and Dohme, Philadelphia, kindly, donated the plasma. 

® The well known alterations in concentrations of hemoglobin and plasma protein, which 
occur on changing posture, were always observed in our experiments. 







Fig. 1. Influence of environmental temperature on protein concentration {Pr), hemo- 
globin concentration {Hh), and the ratio {R) of total quantity of hemoglobin to total quan- 
tity of serum protein (summer experiment). The numerals entered near each point in the 
graphs of the ratios are values (in kgrn.) for total hemoglobin (determined by carbon mon- 
oxide). The psychometric room was at first maintained warm (IF) ; subsequently the room 
was kept cold (C); and finally the original warm conditions w’ere reproduced. The first 
warm period was interrupted on July 10 by apparatus failure. The experiment was begun 
again on July 10 and was completed without further interruption. Subjects were R and Y. 

Fig. 2. Influence of environmental temperature on protein concentration (Pr), hemo- 
globin concentration {Hh), and the ratio (P) of total quantity of hemoglobin to total quan- 
tity of serum protein (winter experiment). The numerals entered near each point in the 
graphs of the ratios are values (in kgm.) for total hemoglobin (determined by carbon mon- 
oxide). Environmental conditions are indicated bj^ C (cold) and W (warm). Subjects 
were R and Y. 

Fig. 3. Influence of posture on protein concentration (Pr), hemoglobin concentration 
(H6), and ratio (P) of total quantity of hemoglobin to total quantity of serum protein. 
These data were obtained on three male subjects (Y, P, S) who sat passively in bed or, in 
companion experiments, lay down for four hours in a room maintained at a comfortable 
temperature. Subjects were fasting and lay dowm for one-half hour before the experiments 
started. The two experiments (sitting and lying) on each subject were carried out within 
an interval of two to four days. 

Fig. 4. Influence of posture on protein concentration (Pr), hemoglobin concentration 
(//6), and ratio (P) of total quantity of hemoglobin to total quantity of serum protein. 
The subject (P) alternately sat {S) or lay down (Lo) (Li indicates the subject slept most of 
the time) for seven hours for five consecutive periods. The time of meals (M) is indicated. 
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TABLE 1 

Influence of time of day on hemoglobin concentration , protein concentration, hematocrit and 
ratio (R) of total quantity of hemoglobin to total quantity of serum protein. 

Data were obtained during the winter experiment in the morning (a. m.) before breakfast 
with the subjects lying at rest and in the evening (p.m.) before dinner with the subjects 
either in the sitting or lying position. Mean values for hemoglobin and protein concen- 
trations and for hematocrits are not given since evening samples were not obtained under 


uniform postural conditions. 



Hb CONC. 

HEUAT.. 

Pr CONC. 

R 

DATE 

a.m. p.m. 

a.m. p.m. 

a.m. p.m. 

a.m. p.m. 

p.m. 

a.m. 


Subject R 


12-27 

16.7 

16.4 

0.463 

.453 

7.2 

7.2 

4.24 

4.17 

0.98 

12-28 

16.6 

16.2 

0.457 

.447 

7.0 

7.0 

4.37 

4.19 

0.96 

12-29 

15.2 

15.7 

0.413 

.443 

6.4 

6.8 

4.05 

4.07 

1.00 

12-30 

14.6 

14.9 

0.404 

.413 

6.2 

6.7 

3.95 

3.79 

0.96 

12-31 

14.2 

14.4 

0.399 

.397 

6.2 

6.8 

3.81 

3.51 

0.92 

1-1 

14.5 

13.5 

0.400 

.372 

6.3 

6.2 

3.84 

3.47 

0.90 

1-2 

14.3 

14.7 

0.390 

.404 

6.2 

6.8 

3.78 

3.63 

0.96 

1-3 

14.4 

13.9 

0.398 

.383 

6.4 

6.3 

3.74 

1 3.58 

0.96 

1-4 

14.5 

15.1 

0.403 

.417 

6.5 

7.1 

3.74 

1 3.65 

1 

0.98 


Subject Y 


12-27 

16.6 

15.8 

0.452 

.449 

7.2 

7.1 

4.21 

4.04 

0.96 

12-28 

16.4 

16.1 

0.457 

.456 

7.2 

7.3 

4.20 

4.05 

0.96 

12-29 

15.6 

14.5 

0.442 

.410 

6.8 

6.3 

4.11 

3.90 

0.95 

12-30 

14.5 

14.9 

0.408 

.423 

6.4 

7.0 

3.83 

3.69 

0.96 

12-31 

14.5 

14.2 

0.415 

.403 

6.3 

6.5 

3.93 

3.66 

0.93 

1-1 

14.0 

14.6 

0.399 

.413 1 

6.3 

6.9 

3.70 

3.61 

0.98 

1-2 

14.6 

14.2 

0.413 

.403 

6.5 

6.4 

3.83 

3.72 

0.97 

1-3 

14.7 

14.1 

0.409 

.416 

6.6 

6.9 

3.77 

3.50 

0.93 

1-9 

14.3 

14.0 

0.404 

.396 

6.4 

6.4 

3.75 

3.62 

0.97 

Mean . . 




3.94 

3.77 

0.96 


TABLE 2 

Influence of time of day on hemoglobin concentration, protein concentration , hematocrit, ratio 
of total quantity of hemoglobin to total quantity of serum protein, and total quantity 
of hemoglobin {determined by carbon monoxide). 


Data were obtained in the morning (a.m.) and evening (p.m.) on several laboratory 
workers (see text). Determinations were made with subjects recumbent. Values for 


total hemoglobin are 

in kilograms. 





Hb CONC. 

HEUAT. 

Pr CONC. 

R 

TOTAEHb 

SUBJ. 

a.m. p.m. 

a.m. p.m. 

a.m. p.m. 

i 

p.m. 

a.m. p.m. „ _ 

a.m. 

p.m. 

a.m. p.m. ^ ^ 

a.m. 


P 15.3 15.4 0.420 0.426 6.2 6.3 4.26 4.25 1.00 0.82 0.77 0.94 

S 16.7 15.6 0.448 0.461 6.0 6.4 4.74 4.44 0.94 0.80 0.79 0.99 

R 14.8 13.4 0.403 0.392 6.4 6.4 3.87 3.44 0.89 0.78 0.82 1.06 

P 15.2 16.1 0.417 0.418 6.3 6.3 4.14 4.12 1.00 0.84 0.79 0.94 

S 16.2 16.3 0.469 0.477 6.0 _ 6.5 6.08 4.80 0.94 0.78 0.82 1.05 

Y 16.1 16.1 0.450 0.422 6.7 6.5 4.37 4.02 0.92 0.64 0.65 1.02 

S 16.1 16.8 0.464 0.452 6.1 6.0 4.Q2 4.80 0.98 0.86 0.83 0.97 

^ean 16 7 16 2 0.439 0.434 6.2 6.3 4.48 4.27 0.96 0.79 0.78 0.99 
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a lying to a standing position (table 3), evidence suggesting that this ratio was 
influenced by posture was obtained in studies lasting four hours (fig. 3). In all 
three subjects studied, this ratio was less at the end of the period of passive 
sitting than at the end of the period of lying down. Confidence in this result 

TABLE 3 

Influence of change in posture on hemoglobin concentration, protein concentration, hematocrit 
ratio of total quantity of hemoglobin to total quantity of serum protein, and total 
quantity of hemoglobin {determined by carbon monoxide) . 


Data were obtained in the summer experiment on subjects lying in the basal state and 
after standing one-half hour. Values for total Hb are in kilogram. 


DATE 

i 

Hb coNc. 

HEMAT. 

Pr CONC. 

R 

TOTAL HI) 

i 

Lyng. 

Stdg. 

Lyng. 

Stdg. 

Lyng. 

Stdg. ' 

Lyng. 

Stdg. ' 

Stdg. 

Lyng. 

1 Lyng. 1 Stdg. | 

Stdg. 

Lyng. 


Subject R 


7-9 

14.4 

15.7 

0.423 

0.451 

6.6 

7.5 

3.78 

3.81 

1.01 

1.03 

0.99 

0.96 

7-16 

14.3 

15.8 

0.422 

0.445 

6.7 

7.6 

3.69 

3.75 

1.02 

0.87 

0.98 

1.13 

7-18 

14.1 

15.2 

0.412 

0.442 

6.2 

7.3 

3.87 

3.73 

0.96 

0.98 

l.Ol 

1.03 

7-20 

15.6 

16.4 

0.457 

0.476 


7.7* 


4.07* 


0.88 

0.90 

1.02 

7-22 

15.6 

16.6 

0.450 

0.492 

7.0 

8.0 

4.05 

4.08 

1.01 

0.94 

0.94 

1.00 

7-24 

15.9 

16.7 

0.462 

0.485 

7.0 

8.0 

4.22 

4.05 

0.96 

0.90 

0.97 

1.08 

7-26 

14.8 

16.1 

0.418 

0.473 

6.6 

7.6 

3.86 

4.02 

1.04 

0.93 

0.95 

1.02 

7-28 

14.6 

16.1 

0.419 

0.456 

6.7 

7.5 

3.75 

3.95 

1.05 

0.91* 




Subject Y 


7-10 

13.7 

14.9 

0.399 

0.428 

6.1 

7.1 

3.74 

3.67 

0.98 

0.69 

0.66 

0.96 

7-17 

14.3 

15.1 

0.417 

0.438 

6.6 

7.1 

3.72 

3.78 

1.02 

0.63 

0.68 

1.08 

7-19 

14.3 

15.2 

0.420 

0.444 

6.6* 


3.74* 



0.65 

0.68 

1.01 

7-21 

16.2 

16.5 

0.481 

0.486 

7.3 

7.8 

4.28 

4.12 

0.96 

0.67 

0.68 

1.05 

7-23 

15.8 

16.4 

0.464 

0.480 

6.9 

7.7 

4.27 

4.10 

0.96 

0.64 

0.71 

1.11 

7-25 

15.6 

16.1 

0.447 

0.468 

6.9 

7.5 

4.09 

4.04 

0.99 

0.72 

0.71 

0.99 

7-27 

14.6 

15.4 

0.418 

0.435 

6.6 

7.1 

3.80 

3.84 

1.01 

0.66 

0.68 

1.03 

7-29 

14.3 

15.1 

0.417 

0.437 

6.5 

7.1 

3.77 

3.78 

1.00 

0.63 

0.66 

1.05 

Mean 

14.9 

15.8 

0.433 

0.459 

6.7 

7.5 

3.92 

3.91 

1.00 

0.79 

0.81 

1.03t 


* Not included in calculating mean values, 

t The increase in quantity of hemoglobin during standing is probably apparent rather 
than real. From work of others (13), it seems likely that about 3 per cent of the car- 
bon monoxide present in the circulatory system would escape to body tissues during the 
half hour period. 


may be lessened somewhat by the fact that each subject did not begin the two 
experiments (which were carried out on different days) with exactly the same 
ratio. The experiments in which a subject was confined to a room maintained 
at a constant temperature were more satisfactory. Alternate periods of sitting 
and recumbency caused the ratio of total hemoglobin to total serum protein to 
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HOURS 

Fig. 6. This figure is similar to figure 4; however each period lasted 12 hours. Total 
hemoglobin (in kgm.) was determined (by carbon monoxide) at the beginning, middle and 
end of the experiment. All determinations were made with the subject Ijdng down; for 
this reason graphs for hemoglobin and protein concentration are not continued through 


the sitting period (<S). + 

Fig. 6. This figure is constructed in the same manner as figure 4. Ihe subject Kti) y 

down throughout the whole period of 34 hours. 

Fig 7 Influence of plasma infusion on protein concentration (Pr), hemoglobin concern 
tration (Hb), total quantity (in kgm.) of hemoglobin (determined by carbon monoxide) 
and the ratio (P) of total quantity of hemoglobin to total quantity of plasma protein fol- 
lowing an infusion of a volume of plasma containing 42 grams protein. Inf usion was com 
plete by the end of the first hour. Samples of blood taken 15-45 minutes later showed the 
ratio had declined 88 per cent of the theoretical amount. (The level that the ratio should 
have reached is indicated by a line in the figure.) In three other normal subjects also 
received infusion of plasma, the ratios 15-45 minutes after the infusion had declined 90, 
68 and 102 per cent respectively of the amount expected theoretically. 

Fig. 8. The wave lengths of the light in mu are plotted as abscissae and the per cent 
absolute transmission as ordinates. Since a mercury vapor lamp source is 
little background light between \546 and X678, most of the energies transmitted by the two 
filters are at those wave lengths. The curve, to the left represents the green, that to the 
right, the yellow filter. Both represent the combinations used without the inclusion of 

Kalichrome C; 
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decrease or increase respectively. Results of some of our experiments are 
shown in figures 4, 5 and 6. Changes in the ratio occurred irrespective of time of 
day and were not related to meals. The ratio appeared to increase somewhat 
more rapidly during sleep than during periods of recumbency in which the subject 
was awake. Possibly the greater activity during the periods of wakefulness 
(reading was allowed) was responsible for this difference. 

It was found in representative experiments of this study of posture that hemo- 
globin remained constant in quantity (fig. 5) ; consequently alteration in quantity 
of serum protein was responsible for alteration in the ratio of total hemoglobin 
to total plasma protein. 

Plasma infusion. Our procedures estimate with reasonable accuracy the 
magnitude of alteration of plasma protein resulting from plasma infusion. Data 
obtained in one experiment are shown in figure 7 and a summary of the pertinent 
results of three other experiments are described under the heading of this figure. 

Discussion. We have utilized extensively throughout this study the easily 
, ^ ... . r total hemoglobin 1 

determinable ratio [totailtaa protein J in quantity of 

hemoglobin relative to quantity of plasma protein.® In all of our experiments 
j of short duration, we have assumed that hemoglobin remained constant in 
amount and that a change in this ratio signified a change in amount of circulating 
plasma protein. Determinations of total hemoglobin (by carbon monoxide) 
in representative experiments justify this assumption in our stinly. 

It is probable that hemoglobin remains ver}^ constant in amount for long periods 
in normal individuals, since only about one per cent of erythrocytes are destroyed 
and replaced daily (8). In a nearly completed study in which total hemoglobin 
was determined at short intervals over a period of more than a year, we have 
found the quantity of hemoglobin to be very constant in each individuaP®, 
except during the summer when circulating hemoglobin is increased in quantity 
(by 10 to 15 per cent). 

The validity of our procedure for estimating changes in amount of circulating 
protein is also indicated by the fact that we are able to estimate fairly accurately 
the increase in quantity of circulating protein induced by plasma infusion. 
However, it is recognized that absolute values for changes in amount of plasma 

X • • .XI . r total hemoglobin 1 

protein are m error to the extent that the ratio i — . in a samole 

L total plasma protein J ^ 

of blood from an antecubital vein differs from the ratio for the circulatory system 
as a whole. If there is an excess of plasma over red cells in arteriolar or other 
small vessels amounting to about ten per cent of the total plasma (9), our esti- 
mates of magnitude of change will be in error to that extent. 

Effects of environmental temperature upon blood volume have been reported 

® In some of the studies, plasma protein was determined; in others, serum protein (see 
legends of tables and figures). Since these differ in quantity by only a small amount, the 
term plasma protein is used for either to simplify discussion. 

Most values are within 6 per cent of corresponding mean values. Since technical er- 
rors would cause this degree of variation, it is probable that the quantity of hemoglobin 
is more ‘constant than is suggested by our data. 
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• 1 Vv r rwfVioria (\ 2 In our exporimcnts in whicli subjects were ex- 

f» S«. 1 week, «e found .Ut oho^, k. 
„‘,r «»untei .n«.oly for totion in Wood vduM. Pk^ 
VoTume 11b increased in the heat by simple dilution (as mdicated by a lower 
protein concentration) and by an increase in total amount of protein, n 
typical instance blood volume of subject R was estimated to mcrease on ex- 
poSto heat from 4.91 liters (on 12-27) to 5.52 liters (on 1-4) ma^g a tota^ 
increase of 0 61 liter. These calculations are based upon values from fi^re 
2 for total hemoglobin (0.82 and 0.80 kgm resjiectively for ^ 
and values from table 1 for morning hemoglobin concentrations (16.7 and 1 J 
.rrnms 100 cc respectively). It may further be calculated from the above blood 
SuTSTrom h.™ JriU of table 1 that plM». voi™ inere.^ 

0 61 lilffl- (from 2.68 to 3.29 liter.) and that plama protein inctemied m 
?rlTi to 214 gram.. The eonoentr.tion of plama pr.«« dechned from 
7 2 to 6 5 fframs/100 cc. The reverse changes occurred m the cold. 

It is possible that alteration in concentration of plasma Protein is only tern- 
Dorarv ^a few weeks) since in our experiments there seemed to be a tendency 
to phmSaTrolin eonee„«ion to retorn toward intermediate level, durmg 
exoos^ to the temperature extremes. This interpretation is supported by the 
fact that plasma protein concentration of men in the tropics (10) is not mam- 
tained at ^levels lower than those considered normal for tempera,te cli^tes^ 
We have not observed any change in quantity of circulating hemogbbm duri g 
IsrSi^riments, though this has been observed by others Perhaps the 
r^n STthi. d^ropancy i. individo.l variabili.y in .p^ 
sDonse to environmental temperature. It is also probable that some of the 
eLlier studies were complicated by seasonal variations m hemoglobm ^^ch are 
of rather large magnitude. However our results appear to be in agreement 
those obtained recently (11) in another laboratory. r total hemoglobin 1 

During the winter experiment, it wasfound that the ratio |_total plasma protein J 

was smaller at night than in the morning by approximately four per cent (table 
1) This was tentatively interpreted to mean that extra plasma pro m 
added to the circulatory system during the day and removed at night, since it 
u« that luLl changes of this magnitude could occur in^mo- 
SS This ^terpretation was confirmed in subsequent ^xpenme^t® J) 
which showed that the quantity of hemoglobm (as determined y 
onnrnvimatelv the Same at night as in the morning. ^ 

FurtteSy of diurnal variation in amount of plasma protem mdicates 
thit bodily postoe is an important causal factor. Pla^ protein “cre^s 

° Smbent pSpeotively) for « long » w. h.ye m»ie oboerv.t.. ^ .. ( 2 br., 
sittimr- 34 hrs ly^g). It seems likely that this phenomenon is related to the 
Sell m SlTvlm. >vhi* h„ been ,epor«d in .t»d». 0. «» 0«~W 

°'wSlZto“.Tde£Sm«d ,rf»ther ehmge. in ,u«.tity of pl««» Pr»«ei». 
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which are induced by alteration of environmental temperature or posture, are 
brought about by storage and liberation or by production and destruction of 
protein. 


SUMMARY 

1. Modification of the volume and composition of the blood induced by chronic 
exposure (several days) to uncomfortably warm and uncomfortably cold en- 
vironments and by prolonged maintenance (several hours) of the erect or re- 
cumbent posture were investigated. 

2. The concentrations of plasma protein and hemoglobin decreased on ex- 
posure to heat and increased on exposure to cold. 

3. Plasma protein increased progressively in amount during the first few 
days of exposure to heat and decreased somewhat more rapidly on exposure to 
cold. These changes probably are permanent adaptations to the environment. 

4. A measurable change in amount of circulating hemoglobin did not occur 
during an exposure of a week to either environmental extreme. 

5. Plasma protein increased in amount when the upright position was main- 
tained and decreased progressively in the recumbent position. A detectable 
change in amount of circulating hemoglobin did not occur during these experi- 
ments, which lasted several hours. 
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APPENDIX 

Modifications of the Optical Filters and Photocells 
Adopted to Improve Stability 

M. E. MAXFIELD and H. C. BAZETT 

After publication of the original method, instability developed which was 
associated with the use of later samples of General Electric AH4 mercur\^ vapor 
lamps, which differed from those obtained earlier. The original filters were 
designed initially for use with R. C. A. photocells 917 and 919 and had unneces- 
sarily low transmissions for the red end of the spectrum, to which 929 photocells 
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were insensitive. Stability was found to be decreased by reducing the trans- 
mission of the red end of the spectrum and increased by a similar change at the 
violet end. Probably this instabdity depended to some extent on a variable 
degree of contamination of the signal lights by some band of shorter waw length. 
An additional factor appeared to be the small size of the plate of the 929 photo- 
cells with occasional scatter of light beyond the sensitive margin of the cells. 
This probably depended on the use of hand-made absorption cells of soft glass 
which were not completely optically flat. As the result of difficulties imposed 
by the war, corrections of these source.s of error were discovered empirically 
on the basis of tests for stability, when the lamp used, the voltage on the lamp. 


and the room temperature were varied. , j v. 

To improve the mechanical arrangement 929 photocells were replaced by 
R. C. A. 935 photocells (then in development). Tliese photocells are of larger 
size than the 929 but have a similar spectral sensitivity. A number of these 
were obtained and were found to be usable interchangeably except for a single 
cell which was aberrant and had to be discarde.l. The absorption cells were 
replaced also Nvith others of pyrex glass made mechanically and optically flat. 
One part of the light filter ultimately used was a 2 mm. thick Kalichtome C 
glass made by Bausch and Lomb. One of these was inserted on each side in 
?he tube connecting the photocell box with the bellows, and the insertion was 
made approximately air-tight. This prevented the heat from the lamp drawing 
room air through the photocell boxes and consequently made it easier to main- 
tain dry both these boxes and the electrical equipment within them. 

The filter finally used for X546 was didymium (Corning) 10 mm.. Corning 
351 5 9 mm Wratten 62 cemented between these, and Kalichrome C 2 mm. 
(Bausch and Lomb) mounted separately at the entrance to the box a® already 
described. That used for X 578 was the Zeiss A combination but without the 
additional Jena B. G. 7 previously employed. Instead wi additional filtei 
of Corning 348 with a thickness of 4.7 mm. was cemented to the Zeiss A com- 
bination The filter for X 578 was also reinforced by the Kalichrome C (2 mm.) 
present m the tube. In the absence of the B. G. 7, the yellow filter allows con- 
siderable transmission of a band in the red of wave length above 670 m^ and 
with a maximum of about 3 per cent transmission at a wave length of 708 m^. 
This band is beyond the range of sensitivity of the 935 or 929 photocells. It 
does not appear necessary to remove it, if these photocells are used. 

The transmission values of the filters, kindly determined for us by Dr. D. L. 
Drabkin, are shown in figure 8. Owing to the higher 

to the violet end of the spectrum the maximal energy value of light shouU be at 
X 546 f^r the green and X 578 for the yellow filter. The addition of Kalichrome 
C to these filters should have no appreciable effect on the transmission m the 
wave lengths used other than some diminution of light by reflection. 

In the absence of sources of supply for Zeiss A filters or of Jena glass, a n 
combination for yellow is required. However, tests of new filter combinations 
await a convenient time when they lyill not interfere with other work. 



A COMPARISON OF TEN INFUSION FLUIDS IN THE 
TREATMENT OF MODERATE AND SEVERE 
HEMORRHAGE IN ANIMALS^ 

ANGIE S. HAMILTON, WILLIAM M. PAKKINS and FHEDEKIC WALTZEH 

From the Harrison Deparlmenl of Surgical Research, Schools of Medicine, Ihiiversity 
of Pennsylvania , Philadelphia 

Kocoivod for publication July 1, 1947 

Clinical experience and experimental studies have shown that within certain 
limits the changes produced by hemorrhage may be reversed if blood volume 
is restored by infusion of plasma. The present study was planned to evaluate 
the effectiveness of cert-ain plasma substitutes under conditions of circulatory 
deficiency usuall}^ reversible by plasma therapy. 

The plan of study included 1, response of normal rabbits and dogs to infusions 
of the fluids under investigation; 2, response to tlie fluids given immediately 
following massive hemorrhage (H.P.-~2() mm. fig), and d, response to the fluids 
given after one hour of hypotension (30 mm. Hg) produced by hemorrhage. 

Although the maintenance of a satisfactory blood volume is the primary pur- 
pose of a plasma substitute, no one empirical criterion, such as l)lood volume or 
survival for a limited time, gives entirely satisfactory evidence for comparing 
the efficacy of colloidal fluids. An empirical comparison ol blood substitutes 
has been made by several investigators by sul)stituting the fluid under investiga- 
tion for the volume of blood removed during the first hemorrhage (Hi) and sub- 
jecting the same animal to a second hemorrhage (H 2 ) for the arrival at an H 2 
to Hi ratio (2, 4-7). 

In this study response to a second bleeding was considered in addition to 
survival and changes in blood pressure, hematocrit and plasma protein concen- 
tration. 

Materials and methods. The following infusion fluids were tested: 

(1) Modified human globin (3.3 grams per 100 cc.).“ 

(2) Modified dog globin. 

(3) Oxypolygelatin (5.0 grams per 100 cc.).^ 

(4) Human serum albumin (25.0 grams per 100 cc.).'^ 

(5) Human serum albumin (5.0 grams per 100 cc.). 

(6) Human hemoglobin (7.0 grams per 100 cc.).® 

(7) Whole blood. 

1 The work described in tins jmper was done under a contract, recommended by the 
Committee on Medical Research, between the Ofhee of Scientific liesearch and Develop- 
ment and the University of Pennsylvania. 

2 Smith, Kline and French Laboratories, Lots E2644 and E4444b. 

3 Lot 11381Y 

Lederle Laboratories, Inc., I^ots 1191134111, K, L, M and 11911329K. 

^ Sharp and Dohme, Lot 102911 .A. 
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(8) Heparinized pooled plasma (routinely prepared). . . 

(9) Heparinized pooled plasma (especiaUy prepared from hepannized donors). 

(10) Physiological saline solution. , ^ n, 

Both globin preparations were made under the direction of Dr. Max Struma. 
The dog globin was an experimental batch and was not entirely satisfactory 
according to the chemical criteria established for modified human globm. 

Oxvpolygelatin was developed to provide fluidity at room temperature md 
optimum retention in the circulation after infusion (8). The ongind co loid 
oLotic pressure was about 58 mm. Hg, but the lot used contain^ a small 
amount of gelatinous precipitate which was filtered out immediately before use. 

The 25 per cent human serum albumin also contained a macroscopic P^cipi- 
tate in the case of 5 lots. The 5 per cent solution was prepared from the 25 
per cent by dilution with physiological saline solution. , 

The human hemoglobin solution was supplied by the Medical Research 

Division of Sharp and Dohme. 

Blood for plasma pools was obtained by rapid bleeding of lightly anesthetized 
animals to the point of, respiratory distress (2.5 to 5.0 Toronto ^nrts of hepann 
per cc. were added as an anticoagulant in the container mto which the blood 
was drawn). The plasma pools were stored at 4° to 8°C. for twenty-four hours 

°'^Kood for autotransfusion and for plasma designated as special plasma wm 
obtained from heparinized animals (100 Toronto units per ^ body 

weight), and 5 to 10 units of heparin per cc. were added after withdrawal. Glass 
cannulas were used for removal of blood from all donors, and all donore were 
lightly anesthetized. Such plasma pools were stored at 4 to 8 C. for three to 

^'^ExTemmental procedures. General methods. Healthy dogs weighmg 
8 0 to 12.0 kgm. were isolated in individual cages and led a balanced diet for a 
week or longer. For sixteen hours prior to an experiment food was withheld 

but water was available. i • n 

All equipment used for blood collections and infusions was chemically cleaned 

and heat sterilized. j i 

Smal l blood samples were taken by arterial needle puncture and kept fluid 

by additions of 0.25 mgm. of heparin per cc. In animals with prolongs ypo- 
tension a needle was left indwelling in the jugular vein for this purpose. 

Hematocrit determinations were made m Wmtrobe tubes cenriifuged for 
one hour at 2,500 R.P.M. (radius to bottom of tube l^.O cm.). Jbe pro m 
content of plasma was measured with the falling drop “®tbod °f Barbour ^d 
HamUton (1) using the formula of Weech, Reeves and Goettsch (9) conver- 
sion of specific gravity to protein content. In the pre^nce of injected hem - 
globin the sj^cific gravity determinations were unsatisfactory and are not in- 

eluded in this study. , 

All fluids infused into dogs following hemorrhage were given at a temperatu e 

of 28^ to 32°C 

Administration of infusion fluids lognormal dogs and rahbils (no< subjected to 
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hemorrlmge) for observations of possible untoward effects. The material to be 
tested was infused in a volume equal to 2 per cent of body weight by means of 
a needle introduced into a jugular vein in dogs. In rabbits a needle was intro- 
duced into an ear vein. The rate of infusion was 4.0 cc. p)er kgm. per minute 
except in the case of globin when slower infusion rates were often employed. 
In dogs a femoral artery was cannulated under local anesthesia in order to 
record blood pressure. 

First hemorrhage procedure {immediate replacement of the blood withdrawn by 
the infusion fluid to be tested). The steps in this procedure were as follows: 

1. Anesthesia. A slow intravenous injection of a maximum of 24.0 mgm. per 
kgm. of pentobarbital sodium was given as the initial dose. 

2. Cannulation. A femoral artery was cannulated for determining mean 
arterial pressure and for withdrawing blood. A sterile 10 per cent sodium 
citrate solution was used in connecting the artery to the mercury manometer. 
A 15 gauge needle was inserted into the jugular vein and left indwelling for 
infusions. When not in use it was kept filled with heparinized saline. 

3. First hemorrhage. About thirty minutes after anesthetization the dogs 
were bled at the rate of 4.0 cc. per kilogram per minute to a blood pressure 
end-point of 20 mm. Hg. Blood collections were made in 200 cc. bleeding bottle 
units. Delays of a few seconds each were necessary for changing the bleeding 
tubes. During the change the cannula was flushed and emptied of sterile 
citrate solution by a syringe system. Blood lost in making bleeding unit changes 
was noted in the total withdrawal volume. The rate usually slowed fairly 
markedly during the last minute or so as the end-point was approached. An 
end-point near 30 mm. Hg was necessary in three animals due to temporary 
respiratory failure. 

4. First infusion. Within one minute of the completion of the first bleeding 
an infusion of the material to be tested was started. The amount and rate of 
this infusion corresponded to the amount of blood removed and the rate of its 
withdrawal. 

5. This first infusion was followed by a three hour period of observation. 
Small supplementary doses of pentobarbital sodium were given to maintain 
light anesthesia when required. 

0. Second bleeding. The animals were bled at the same rate (4.0 cc. per 
kgm. per minute) and to the same end-point (B.P. = 20 mm. Hg) as before and the 
volume of blood withdrawn carefully measured for comparison with the first 
bleeding. 

7 . Immediately after the second bleeding was completed a second infusion was 
begun. This infusion was composed of the erythrocytes removed at the first 
bleeding suspended in the same kind of fluid used for the first infusion. The 
volume replaced at the second infusion was equal to the volume of the first hem- 
orrhage. The animals remained in a supine position until one hour following the 
second bleeding. After ligation of the femoral artery the wound was irrigated 
with copious amounts of sterile saline solution and closed by suture. 

A modification of Procedure I with an end-point of 30 mm. Hg and infusion 
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rates of 0.5 to 1.0 cc. per kgm. per minute was used in two experiments with 

globin. ^ X 

Second hemorrhage 'procedure {an hour of hypotension before replacement of trie 

blood withdrawn by the infusion fluid to be tested). This procedure differed from 
the first hemorrhage procedure as follows: 

The first bleeding was terminated when the blood pressure fell to near 30 mm. 
Hg. By repeated careful small blood withdrawals or injections an average mean 
pressure level of 30 mm. Hg was maintained for one hour. A small portion of 
blood from the initial bleeding was kept at room temperature for these injections 

(using 5 Toronto units of heparin per cc.) . 

At the end of the hour of hypotension an infusion of the material to be tested in 
a volume equal to the first bleeding® was given, but the rate was only 2.0 cc. per 
kgm. per minute. The second bleeding was liegun three hours after the first 
infusion. 

In the case of 25 per cent albumin both rate and volume were reduced to one- 
fifth that used for the other fluids, and the er 3 dhrocyte suspension was made with 
5 per cent albumin solution for the second infusion. 

Methods of analyzing the data. When values for the hematocrit and plasma 
protein concentration obtained postinfusion and the volume of the second bleed- 
ing were expressed as per cent of a control observation made in the same animal, 
the results gave clear patterns both in Procedure I and Procedure IT. 

The following were chosen as the control values: 

(1) Serum protein concentration before anesthesia. 

(2) Hematocrit before the first infusion. 

(3) Blood pressure level between anesthesia and first hemorrhage. 

Bleeding volume index was expressed as the ratio of the second hemorrhage to 

the first in Procedure I. , , • ^ 

In Procedure II the volume of first bleeding to the time the end-pomt was 
first reached was used as the denominator. This same figure was used to deter- 
mine the volume of the first infusion. 7-7 

Results. Observations of the effect of various infusions in normal animals 
{not subjected to hemorrhage). (1) Rabbits. The fluids under investigation 

produced no obvious unfavorable reactions. 

(2) Dogs. Human and dog globin (at 4.0 cc. per kgm. per min.) caused un- 
toward reactions which included respiratory distress, vomiting, flushing of the 
skin and urticaria. With infusion rates of 2.0 to 4.0 cc. per kgm. per minute the 
blood pressure fell to levels 52 to 75 per cent below the control level, but infusion 
rates up to 1.0 cc. per kgm. per minute produced insignificant pressure changes. 

Human serum albumin (5 per cent), oxy poly gelatin, and heparinized dog 
plasma produced no obvious untoward reactions during infusion. However, 
following infusion of standard heparinized plasma (stored twenty-four^ hours or 
more) dogs developed cutaneous wheals and occasionally facial edema.^ 

Special plasma seldom caused these cutaneous reactions. 

« The first bleeding averaged 7.0 cc. per kgm. less than the total volume of blood removed. 
7 Further study of this reaction and the methods of avoiding it are in progress. 
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The plasma of dogs which had received human serum albumin always devel- 
oped an icteric tint by one and one-half hours after infusion though tests for 
bilirubin gave values which did not exceed 0.5 mgm. per 100 cc. 

Sedimentation rates were accelerated markedly by oxypolygelatin and slightly 
by heparinized plasma. They were decreased l)y globin, hemoglobin, 5 per cent 
albumin and physiological saline solution. 

Resulls with the first bleeding procedure. The average volume of blood removed 
to reduce the blood pressure from the average initial level of 148 mm. Hg to the 



Fig. 1. Mean blond pressure changes for the sev(‘ral groups of animals subjected to 
bleeding to a blood pressure end-point of 20 nun. Hg and immedial('ly infused (Procfulure 
I). Each curve ret)r(^sents the animals infused with one pre])aration. B — whole blood 
(autotransfusion); P = I)lasma; HP = special plasma; H == hemoglobin; 0 = ox3'pc)ly- 
gelatin; 5-4 = 5 per (-ent albumin; KaCl = physiological salim; solution; HG = human 
globin. 

selected end-point of 20 mm. Hg was 51.7 cc. per kgm. No animals died before 
the first infusion. All of the infusion fluids except rapidly infused globin res..ored 
and maintained the blood pressure satisfactorily though the promptness of the 
response varied (fig. 1). 

The bleeding volume index, which we regarded as the best single criterion for 
evaluating the infusion fluids, was highest for whole blood, 95 per (‘ent; and human 
serum albumin, 88 per cent. At the other extreme was modified human globin, 
0 and 43 per cent (51.7 per cent with a modified procedure) and dog globin, 0 and 
13 per cent (34 per cent with a modified procedure). In the intermediate range 
was saline, 48 per cent; standard plasma, 65 per cent; hemoglobin, 73 per cent; 
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oxypolygelatin, 79 per cent and special plasma (from heparinized donors), 81 per 

We understand that further improvements in the manufacture of modified 
hiiTtian globin have been made since experiments were done. 

HematocrU and plasma protein concentration change. The hematocnt and pla^ 
ma protein changes are shown graphically in figures 2 and 3 respectively. Each 
line represents the average for all dogs receiving one infusion fluid. 





Fie 2 Mean hematocrit changes in Procedure I following infusions of various fluids. 
Each curve represents the means of the values obtained in the animals receiving the par- 
ticular fluid indicated. Prior to the end of the hemorrhage the values are given in per cent 
of the initial reading. Subsequent values arc given in per cent of the value obtained at 
the end of the hemorrhage. B = whole blood (autotransfusion) ; P = jflasma; SP ~ social 
plasma; A 5 per cent - 5 per cent albumin; HG = human globin; 0 - oxypolygelatin; 
NaCl - physiological saline solution. 


The individual curves for protein concentration showed very little deviation 
from the average. For instance, the values at one and one-half hours Postii^ 
fusion ranged from 65 to 69 per cent of the initial value in five dogs infused with 
physiological saline solution and from 69 to 78 per cent in six dogs infused with 
oxypolygelatin. The individual curves for hematocrit changes were also remark- 
ably uniform following infusions of physiological saline solution, but fairly large 
individual variations were present following infusions of oxypolygelatin. 
may have been related to an effect of this material on the distribution of red blood 

cells. 
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Survivals. Physiological saline solution permitted indefinite survival following 
Procedure I. No replacements were made in the autotransfusion group after 
the second hemorrhage, and death occurred in about thirty minutes. Two of 
three animals dying of respiratory infections in the week following the experi- 
ment exhibited rapid erythrocyte sedimentation as evidence of probable mor- 
bidity prior to bleeding. Table 1 lists the survivals during the first week for 
Procedure I. 

Results with Procedure II {infusion after 1 hr. of hypotension). With this pro- 
cedure it was observed that dilution of the circulating plasma occurred during the 
period of hypotension but was largely complete in thirty minutes. The average 


^0 



Fig. 3. Mean changes in plasma protein concentration in animals subjected to hemor- 
rhage (to B.P. of 20 mm. Hg) and immediate infusion. Each curve represents the results 
obtained with a single fluid. 

initial bleeding was 42.4 cc. per kgm., but the additional bleeding required to 
maintain the hypotension for one hour averaged 7.2 cc. per kgm. more. One dog 
died during the hypotensive period. Data on all of the other dogs have been 
included in table 2. 

Globin, whole blood and standard plasma were not employed with Procedure 
II, but all of the other materials produced a blood pressure rise. The levels 
ranged from 64 to 117 mm. Hg immediately following infusion and were similar 
for all groups. One animal receiving hemoglobin died in the course of the infu- 
sion after the B.P. had reached 60. 

The pressure was maintained in every animal in the groups infused w ith 5 per 
cent albumin and special plasma. 

The second bleeding was not carried out either because the dog had died or be- 
cause the B.P. had already declined to the 30 mm. Hg end-point in 60 per cent of 
the animals receiving physiological saline solution, 20 per cent of the group re- 
ceiving 25 per cent albumin and 50 per cent of those receiving hemoglobin solu- 
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TABLE 1 


Experimental procedure I — immediate infusion 


INFUSION FLUID 1 

EXP. NO. 

INITIAL S 
BLEED- 
ING 

SECOND BLEEDING 

HEMATOCHIT (vOL. %) 

SURVIVAL, 7 DAY PERIOD 

Prein- 

fusion 

Postinfusion 

:c./kgDtt. 

B.V.t 

2 min. 

3 hr. 



:c.lkgm. 


Per cent 





Autogenous blood 

B1 

63. 6** 

60.6 

94.4 

36.6 

36.4 

42.5 

$ 


B2 

40. 6** 

42.3 

104.0 

44,6 

48.2 

49.0 

Ht 


B3 

42. 2** 

36.2 

85,6 

38.3 

40.2 

42.2 


Physiological sa- 

81 

60.0 

30.6 

50.1 

45.2 

22.2 

32.2 

+ 

lino solution 

S2 

53 4 

26.1 

48.8 

42 5 

24.1 

32.6 



83 

53.6 

22.6 

42.0 

38.2 

20.0 

25.1 

+ 


84 ' 

50.7 

23.0 

45.2 

38.2 

19.0 

26.4 

+ 


S5 

49.0 

26.0 

53 5 

37.0 

18.7 

25.5 

4- 

Heparinized 

PI 

53.3 

32.8 

61.4 

40.0 

14.2 

17.7 

+ 

pooled plasma 

P2 

48.8 

31.1 

03.6 

46.0 

13.1 

19.6 

+ 


P3 

47.0 

29.1 

62.0 

42.4 

19.6 

23.3 

+ 


P4 

44.2 

31.8 

72.0 

41.6 

16.7 

23.1 

+ 


P5 

48.0 

32.4 

67.7 

42.9 

17.8 

22.8 


“Special” plasma 

SPl 

50.5 

40,7 

80.6 

44.0 

17.4 

25.2 

Died 6th day— Pneumonia 


8P2 

47.8 

38.9 

81.3 

26.4 

11.1 

14.4 

-f- Severe anemia 

5% human serum 

Al 

57.4 

44 4 

77 3 

39.7 

16.9 

23.0 

Died 6th day— Pneumonia 

albumin 

A2 

42 6 

40.3 

94.8 

43.1 

18.6 

23.6 

Died 3rd day— Purulent empyema 


A3 

63.7 

50.0 

93 2 

47.9 

16.3 

19.3 

+ 


A4 

47.2 

37.3 

79.0 

41.3 

11 5 

13.1 

+ 


A6 

67.6 

64.8 

96.2 

40.4 

14,3 

15.4 

$ 

7% human hemo- 

HI 

62.0 

41.6 

80.6 

38 0 

11.8 

19,0 

+ 

globin 

H2 

64,7 

29.7 

54 4 

42.2 

13.6 

19.1 

+ - 


II3 

42.8 

35.7 

83.4 

35.0 

12.7 

12,6 

+ 

6% oxypolygelatin 

01 

64.6 

38.6 

70.7 

42 3 

9.8 

21.4 

+ 


02 

60.8 

44.1 

72.5 

40.0 

7 5 

11.2 

+ 


03 

60.3 

40.3 

80.1 

36.7 

9 2 

12.4 

+ 


04 

45.2 

37.8 

83.8 

42.1 

17.4 

20.5 

Died at end of 2nd infusion 


05 

61.3 

49 1 

80 1 

46.3 

15,8 

13 5 

+ 


06 

61.7 

43.7 

84.7 

44.7 

15.9 

19,3 


Modified human 

. HGl 

45.0 

19.4 

42.8 


17.4 

27.3 

Died during second infusion 

globin 

HG2 

47.4 

0 

0 




Died during first infusion 


HG3* 

51.4 

26.8 

51 7 

45.2 

19.6 

29.4 

+ 

Modified dog 

DGl 

62.0 

0 

0 




Died during first infusi on 

globin 

DG2* 

46.0 

15.8 

34.6 

36 9 

21.7 

27,3 

+ 

DG3 

56.7 

7,3 

12.8 

42.8 

23.9 

32.1 

Died during second infusion 


* A modification of Procedure I was used. x ^ ij ‘j-x 

•• Volume of blood returned; 3.6 to 6.4 cc./kgm.of blood was lost by manipulations used to insure satisfactory fluidity 
$ No fluid replacement following the second hemorrlmge. Death occurred within 30 minutes after the second he- 


^^°t^The second bleeding volume expressed as the per cent of the volume replaced following tlie first hemorrhage 
represents the “BleedingVolume." 


tion. Consequently the following comparison of bleeding volume indices entails 
a selection of experiments: 

With special plasma the average bleeding volume was 66 per cent, with 5 per 
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cent albumin, 59 per cent; and with 25 per cent albumin (in those that lived), 57 
per cent. Oxypolygelatin gave an average of 48 per cent; physiological saline 
solution, 28 per cent; and the hemoglobin, 19 per cent. In the case of the oxy- 
polygelatin there was a rather wide range, but it was well correlated with the 
hemodilution just before the second hemorrhage. 

TABLE 2 

Experimental procedure 11— delayed infusion 


HEMATOCRIT 


INFUSION FLUID 

EXPF.R. 

NO. 

INI- 

TIAL 

BLOOD 

LO.SS 

FINAL 

net 

BLOOD 

LOSS 

(VOL.%) 

Prein 

fusion 

Postinfusion 

2 min 

3 hr. 



CC.f 

CC.f 






kRtn. 

kr.m. 




Physiological 

2-Sl 

51,0 

64 6 

41.7 

24 5 

37.6 

saline solution 

2-82 

40.0 

50 3 

45.7 

27.9 



2-S3 

48.2 

62.9 

37 7 

20.1 



2-S4 

42,8 

55 9 

33.0 

22,3 



2-S6 

32.8 

43 5 

32.5 

23.9 

30.8 

Special plasma 

2-SPl 

40,9 

50 0* 

39 4 

20 9 

25 3 


2-SP2 

47.1 

52.6* 

39 9 

17.1 

23.3 


2-SP3 

40.6 

45 0 

42.0 

21.0 

24 3 


2-SP4 

41,1 

51, 2* 

41,3 

20 3 

21.4 

6% human se- 

2-Al 

32.4 

41,9 

51.3 

23,6 

28.6 

rum albumin 

2-A2 

47.1 

48.6* 

36.1 

15.9 

23.4 


2-A3 

42.8 

52,9 

27.4 

12,4 

15 3 

26% human se- 

C-Al 

49 0 

63 S 

37.0 

25 4 

23 1 

rum albumin 

C-A2 

39 0 

46 3 

31.7 

22 4 

Dead 


C-A3 

47.7 

53.2 

35.8 

23.7 

21 6 


C-A4 

44 9 

52 4 

37.7 

21.5 

18,8 


C-A6 

48.7 

66.0 

30.8 

18.3 

16 9 

6% oxypoly- 

2-01 

46.7 

48.6 

35.7 

15.6 

20,7 

gelatin 

2-02 

41.7 

35.5* 

42 8 

20.5 

31 0 


2-03 

42.8 

60 4 

36 0 

15 8 

18 2 


2-04 

43.6 

57.8 

39.4 

15.1 

17 5 

7% human 

2-Hl 

30.0 

33.9* 

48.4 

29.3 

48.4 

hemoglobin 

2-H2 

44.2 

39 4* 

54.6 

Dead 



B.P. AT ^ 
HOURS 
POSTIN- 
FUSION 

1 SECOND 

bleeding 

SURVIVAL, 24 HOUR PERIOD 

CC.f 

kgm. 

B.V. 

mm. IT^ 




114 

17.7 

34.5 

Died at end of 2nd infusion 


0 

0 

ft 

31 

0 

0 

0** 


0 

0 

t 

95 

7.4 

22.6 

4- 

97 

30.2 

72 7 

Sacrificed for tissues 

82 

28.4 

60.2 

+ 

96 

28.4 

65.1 

+ 

83 

26.8 

65.3 

+ 

100 

20,6 

63 0 

4- 

115 

24,7 

53.2 

-f 

108 

25.6 

59.7 

4- 

96 

27 9 

56.8 

+ 


0 

0 

0 

112 

27.8 

58 1 

4- 

103 

25.7 

57.3 

4* 

109 

27.3 

56 3 

4- 

83 

22.6 

48,0 

4- 

45 

10.1 

24,0 

Died 1 hour after 2nd infusion 

77 

24 2 

56.0 

Died at end of 2nd infusion 

96 

28.6 

65.6 

4- 

43 

5r7 

19.0 

Died 3 hours after 2nd infusion 


0 

0 

0 


Small reinfusions of blood required during last half of hypotensive i)eriod to combat persistent tendency of blood 
pressure to decline below 30 mm. Hg, 

** Second infusion withheld. Animal lived 1.6 hours with B.P. below 30 mm. Hg 

m After a second period of spontaneous hypotension below 30 mm. Hg the animal was given 2.0cc./kgm. of 25 per 
cent albumin. Survived. 

t Resuscitated after the blood pressure declined below 20 mm. Hg by artificial respiration and the infusion of erj^hro- 
cytes in physiological saline solution. Survived. 


When the data were analyzed further, we found that of seven dogs which re- 
quired frequent small transfusions to maintain the B.P. at 30 mm. Hg during the 
latter part of the hour of hypotension three were in the group receiving special 
plasma, and one received 5 per cent albumin. That tissue damage was marked in 
this group is suggested by the occurrence of bloody stools in six of the seven. 
Thus the special plasma group seems to have been weighted with less resistant 
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animals. On the other hand, the reactions of the five animals in the physio- 
logical saline group during the hour of hypotension suggested that they were 
superior risks. Thus there is reason to believe that the results underestimate 
rather than over-estimate the difference in the effectiveness of the special plasma 
and the saline. 

Changes in hematocrit and plasma protein concentration. Curves showing the 
change in hematocrit and in protein concentrations for the various groups are 
shown in figures 4 and 5 respectively. 



Fig. 4. Mean hematocrit changes obtained with various infusion fluids following an 
hour of hypotension (B.P. — 30 mm. Hg) (Procedure II), Where some of the animals failed 
in the course of the exj^eriments they are represented by a separate curve from those that 
did not fail. Such curves are designated F, and the arrows indicate the points at which 
individual animals either had died or the blood pressure had fallen to 30 mih. Hg. H « 
hemoglobin solution; A' aC/ = physiological saline solution; A 25 per cent = 25 per cent 
albumin; 0 = oxypolygelatin; SP =® special plasma; 4 5 — 5 per cent albumin. 

Each group in which failures occurred during the three hour period is repre- 
sented by two curves, one for the animals in which the blood pressure failed and 
one for those animals in which it was maintained. 

Survival. The distribution of circulatory failures preceding or following the 
second hemorrhage is given for the infusion fluid groups in table 2. None of the 
remaining animals appeared to be in shock at the twenty-four hour interval, but 
indefinite survival was poor. Most of the animals died within five days to three 
weeks, and respiratory infection was either a causal or a contributory factor in 
practically all cases. 

Other observations and results. A moderate fall of blood pressure accompanied 
wheals and facial edema when these appeared following infusions of plasma. With 
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Procedure I two deaths occurred during the first infusion with globin, and the 
other two animals receiving this material died during the second infusion. When 
the infusion rate was reduced to from 0.4 to 1.0 cc. per kilogram per minute, a 
better blood pressure recovery was obtained with globin. 

A decreased tolerance for Nembutal was observed following infusion of oxy- 
polygelatin. Marked pseudo-agglutination occurred with oxypolygelatin mak- 
ing infusion of red ceU suspensions difficult technicaUy. Three of nine animals 
receiving it failed to show blood pressure recovery after the second infusion. In- 
fusions of hemoglobin solutions caused secretion of hemoglobin in urine, saliva 
and tears, and also excessive diuresis within twenty-four hours. 


« 



Fig. 5. Mean clianges in plasma protein concentration for animals subjected to an liour 
of hypotension before infusion. Separate curves have been drawn for those animals in 
each group that failed in the course of the experiments. 

Discu-ssion. The clinical observations and the data obtained in this study 
indicated that globin, standard plasma, oxypolygelatin, and hemoglobin had 
individual disadvantages which counteracted in vivo in varying degrees the ad- 
vantages conferred by their osmotic activity. It was possible in the experiments 
with immediate infusion (Procedure I) to show that the globin solutions were 
unsuitable since the results were inferior to those obtained with physiological 
saline solution. By this same procedure certain disadvantages of heparinized 
plasma prepared by a method previously considered acceptable were revealed. 
The efficacy of heparinized plasma was, however, increased by certain modifi- 
cations in the method of preparation. The resulting product was designated as 
special plasma.” It was difficult to evaluate the response to hemoglobin and to 
oxypolygelatin by the experiments with immediate reinfusion since hemodilution 
was superior to and the bleeding volumes similar to those obtained w ith special 
plasma. The limitations and defects of these two plasma substitutes became evi- 
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dent in the experiments in which infusion was delayed for one hour (Procedure 
II). Five per cent albumin gave results comparable to special plasma under the 
conditions of this procedure, but less satisfactory experience with 25 per cent 
albumin indicated that fluid in addition to the albumin itself had to be supplied 
to insure optimum conditions for animal survival. 

Our observations emphasized the importance of determining the efficacy of 
physiological saline solution, the usual diluent for colloids, and indicate the cau- 
tion that should be observed in the preparation of animal plasma to be used in a 
study of blood substitutes. 

SUMMARY AND CONCLUSION 

The effectiveness of ten infusion fluids (human globin, dog globin, whole 
blood, standard plasma, special plasma, 5 per cent albumin, 25 per cent human 
albumin, oxy poly gelatin, human hemoglobin, and physiological saline solution) 
in restoring the circulation of dogs subjected to severe hemorrhage was compared. 

Two methods were used in producing the hemorrhage. In the first blood 
pressure was lowered to 20 mm. Hg (Procedure I) by a hemorrhage averaging 
51.7 cc. per kgm. and the replacement started immediately. In the second blood 
pressure was lowered to 30 mm. Hg (Procedure II) and maintained at that level 
for one hour (average total blood loss, 49.4 cc. per kgm.). In both procedures 
the dogs were subjected to a test bleeding three hours after infusion. 

The human and dog globin gave less satisfactory responses than physiological 
saline solution with Procedure I and were not studied further. This procedure 
showed that dog plasma prepared by the usual routine was inferior to plasma 
obtained from heparinized donors. Accordingly only the latter was tested in 
Procedure II. 

All of the other materials except whole blood were tested in Procedure II, 
which was a much more severe test and probably more nearly comparable to 
clinical conditions. Physiological saline solution and hemoglobin solution were 
definitely inadequate by this test, and oxypolygelatin and 25 per cent albumin 
were less suitable than especially prepared plasma and 5 per cent albumin. 

Unless special precautions were taken to minimize incipient coagulation and 
to exclude microscopic particulate matter, dog plasma frequently produced sub- 
cutaneous edema accompanied by a fall in blood pressure a short time after 
infusion. 

The authors are grateful to Drs. J.E. Rhoads, I. S. Ravdin, M. D. McCarthy, 
and H. M. Vars for their suggestions and criticisms. We acknowledge with 
thanks the technical assistance of Miss Lois Hosbach and Mr. Manning Men- 
delson in the study of the effects of infusion fluids in nbrmal animals. We are 
indebted to Dr. Dickinson W. Richards, Jr. and the Committee on Medical 
Research of the Office of Scientific Research and Development for the human 
serum albumin; to Dr. Max Strumia, Bryn Mawr, Pennsylvania, and the Smith, 
Kline and French Laboratories for the modified globin; to Drs. Linus Pauling 
and Dan H. Campbell of the California Institute of Technology for the oxypoly- 
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Pulmonary congestion operates in various ways to bring about dyspnea. 
Mechanically, one of the most important of these factors is the change in the dis- 
tensibility of the lungs. When the pulmonary vessels are engorged with blood 
they become more rigid, acting like a hose turgid with water under pressure (1). 
It is readily seen that this is a contributing factor in the increased respiratory 
effort required in congestive heart failure. This diminished distensibility also 
contributes to a diminution in vital capacity, and to the formation of intrapleural 
transudate. 

However, only indirect evidence is available to demonstate a diminution in 
pulmonary distensibility in congestion of the lungs. Drinker, Peabody and 
Blumgart (2) showed that compression of the pulmonary veins in anesthetized 
cats diminishes pulmonary ventilation when a constant alternating flow of air 
into the lungs is maintained. By recording the simultaneous tracings of the 
tidal air and the intrapleural pressure in patients in congestive failure, Christie 
and Meakins (3) were able to demonstate, in an indirect fashion, a marked de- 
crease in the distensibility of the lung. Otis, Rahn and Fenn (4) measured the 
distensibility of the lung in patients indirectly by recording simultaneous venous 
and intrapulmonary pressures, but they did not apply this method to patients 
with pulmonary congestion. 

We proposed to demonstrate directly the effect of congestion of the pulmonary 
vessels on lung distensibility, excluding many of the factors which complicated 
earlier studies. Our studies were carried out 1, with fresh lung preparations 
obtained from dogs, and 2, in the intact animal. 

In the isolated preparation the lungs, with heart attached, were removed from 
heparinized dogs.^ A cannula was tied into the pulmonary artery, and a second 
one was forced through a slit in the left ventricle and tied at the mitral orifice to 
drain blood from the left atrium and thus from all the pulmonary veins. The 
rest of the heart was cut away. The trachea was then cannulated, and the entire 
preparation suspended by the trachea within a special chamber. The cannulae 
to the pulmonary artery, the left atrium, and to the trachea were passed through 
to the outside of the chamber. The chamber was sealed, With this prepara- 
tion it was possible to inject a known quantity of blood into the pulmonary artery 
and to siphon it off, if desired, through the pulmonary veins. 

1 Aided by A. D. Nast Fund for Cardiovascular Research. This department is 
supported in pawfe by the Michael Reese Research Foundation. 

* Liquaemin was generously supplied by Roche-Organon, Inc. 
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All apparatus was then designed which made possible the injection of known 
volumes of air into the lung via the tracheal cannula, and the determination of 
the pressure inside the trachea (Pi). The ^^intrathoracic” pressure (P2) in the 
sealed chamber in which the lung was contained could be read from a second 
manometer. The assembly is illustrated in figure 1 . 

The entire system was brought into equilibrium with atmospheric pressure at 
the beginning of the experiment. The intratracheal and “intrathoracic” pres- 
sures were recorded as progressively increasing volumes of air were injected into 
the lungs. 



Fig. 1. Diagram of assembly used in measuring volume of air injected intratracheally 
and the resulting intratracheal, P\, and intraplethysmographic, Pt, pressures. The method 
of injecting a measured quantity of air, F, into the lung by means of a syringe is shown 
diagrammatically. In the experiments reported in the text, water displacement was ac- 
tually used to measure the volume of air injected. This was accomplished by inserting 
a pair of water bottles between the syringe and the lungs. 

The distensibility of the lung was calculated from plots obtained by comparing 
the relation between the intratracheal (Pi) and the amount of air (V) injected 
into the lungs via the trachea, and also by comparing the relationship between 
the intratracheal (Pi) and ‘fintrathoracic’^ (P2) pressures. This estimate of lung 
distensibility did not change with successive trials in the same lungs. These 
distensibility determinations were then repeated after the injection of fixed 
amounts of heparinized filtered blood from the same animal into the pulmonary 
artery while the outflow cannula from the left atrium was occluded. Definite 
reduction in distensibility of the lung as indicated in the slope of the curves was 
produced by the injection of blood, and these changes varied with the amount of 
blood injected. These reductions in distensibility were reversed when the blood 
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was siphoned from the lungs via the pulmonary veins. This was demonstrated 
in 15 preparations. 

That the injection of blood into the pulmonary circulation caused a decrease 
in the distensibility of the lung proportional to the amount of blood introduced, 
was shown also by a decrease in the slope of the pulmonary volume-intratracheal 
pressure curve. When almost all the blood injected was siphoned off this curve 
was also seen to return towards its original location, thus demonstrating clearly 
that the effect was due to intravascular blood which could be siphoned off, and 
not to an intra-alveolar transudate (pulmonary edema) which increased slightly 
during the course of the experiment (fig. 2). 

Usually some of the injected blood could not be siphoned off; a certain quantity 
was always retained in the lungs whiefi could not be recovered. 



Fig. 2. Tiui effect of pulinonary (jougestioii on tfie distensibility as shown by volume 
/intratracheal jjressure curves. Blood was injected into the pulmonary artery and siphoned 
from the pulmonary veins. A decrease in distensibility of the lung is shown by a (hu-rease 
in the slope of the curve 

The discrepancy between the rate of pressure rise in the lung (Pi) and in the 
closed chamber in which the lung was contained (P 2 ) caused by the injection of 
blood is also affected by changes in the distensibility of the lung and is not due 
just to the effect of the volume changes of the chamber due to the volume of in- 
jected blood (fig. 3) . This was shown by an experiment in which a rubber balloon 
was substituted for the lung and fluid added to the chamber, outside of the 
balloon. The suco^sion of pressure changes within and outside the balloon 
showed only a negligible deviation from those obtained before the instillation 
of fluid in the chatttber. 

The degree of hysteresis in the lungs was determined, and while definitely 
present, did not affect the slope of the curves and hence the results of the experi- 
ments. 

A second series of experiments was performed in intact dogs. The dogs were 
anesthetized with sodium pentobarbital intravenously (25 mgm ,/kilo) . Artificial 
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respiration was administered through a tracheal cannula. Sufficient curare was 
given intravenously to prevent spontaneous movements of the thoracic or dia- 
phragmatic musculature even when the artificial respiration was temporarily 
interrupted. The anterior portion of the thoracic cage was removed. A man- 
ometer was connected to the tube joining the trachea to the artificial respiration 
apparatus. It was then possible to clamp the tube leading to the artificial res- 
piration machine, open the trachea to the atmosphere briefly, then inject given 
quantities of air into the lung (as in the isolated preparation experiments) and 
measure the changes in intratracheal pressure produced. In this way a volume 



Fig. 3. The effect of pulmonary congestion on the clistensibility of the isolated lung as 
shown in intratracheal/“intrathoracic” pressure curves. Blood was injected into the 
pulmonary artery and siphoned from the pulmonary veins. A decrease in distensibility 
of the lung is shown by an increase in (he slope of (he curve. 

pressure curve could be constructed similar to those in the isolated preparation 
experiments. The series of recordings net^essary for this curve, which reflected 
the degree of distensibility of the lung, could be obtained Avithin 1 minute. 

An attempt was then made to produce congestion of the lung in the living an- 
imal, and to determine its effect on the distensibility of the lung This was ac- 
complished by placing a rubbei' tipped clamp on 2 or 3 of the 4 pulmonary veins 
at their entrance to the left atrium. By obstructing the return of blood from the 
pulmonary veins this clamp acted much like a verj^ severe mitral stenosis and pro- 
duced congestion in the lung. Volume-pressure curves obtained Avhen the pul- 
monary veins were occluded clearly showed a decrease in distensibility of the 
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lung (fig. 4). On removal of the damp, distraudbility returned to normal within 
5’minutes. 



Fig. 4. The effect of pulmonary congestion on the distensibility of the lung in the living 
dog, as show in volume/intratracheal pressure curves. Congestion of the lungs was 
produced by compression of the pulmonary veins. A decrease in distensibility is shown by 
a decrease in the slope of the curve. 



Fig. 5, The effect on pulmonary distensibility of maintaining a clamp on the pulmonary 
veins for more than five minutes as show in volume/ “intrathoracic” pressure curves. 
A decrease in distensibility of the lung is shown by a decrease in the slope of the curve. 

Under special circumstances another interesting observation was made. 
There was a decrease in distensibility of the lung as reflected by a change in the 
slope of the volume-pressure curve immediately after the clamp was applied. 
However, when the clamp was left on the pulmonary veins for as long as 5 min- 
utes, it was noted that the slope of the curve had returned toward the control 
level (fig. 5). There was thus an apparent increase in distensibility which 
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occurred after the clamp had been on for 5 minutes or more. At least two 
possibilities as to the cause for this phenomenon may be considered: 

1. The obstruction to the egress of blood from the pulmonary veins when 
present for a period of 5 minutes or more resulted in a redistribution of blood 
from small vessels where its presence would affect lung distensibility most, to 
over-stretched larger vessels where it would have less effect on distensibility. 

2. The obstruction to the return of blood from the pulmonary circuit resulted 
in a marked pulmonary hypertension which imposed a heavy load on the right 


TABLE 1 

The effect in a typical experiment of varying pulmonary congestion on the distensibility of 

the lung* 


1 . 

2 . 


3. 

4. 

5. 

6 . 

7. 

8 , 

9. 


10 . 

11 . 

12 . 

13. 

14. 


PKOCEDURE IN SEQUENCE 

AV/AP 

Control (no clamp) 

11.5 

9 4 

Clamp on pulmonary veins 

Control (no clamp) 

12 2 

Clamp on pulmonary veins 

10 7 

Same clamp left on pulmonary veins for five minutes 

13.0 

Control (no clamp) 

21 4 

Clamp on pulmonary veins 

14.0 

Same clamp left on pulmonary veins for five minutes 

21.4 

Control (no clamp) 

17.6 

Repeat control (no clanif)) 

17.6 

Clamp on pulmonary artery 

18.2 

Control (no clamp) after ninety minutes 

14.0 

Clamp on pulmonary veins 

Control (no clamp) 

10.7 

15.3 



* Distensibility of the lung is proportional to the ratio AV/AP. (A\^ is always 60 cc. 
of air injected intratracheally and AP is the intratracheal pressure resulting from this 
injection of air.) 


heart. This could have caused acute failure of the right ventricle leading to a 
reduction in the pulmonary congestion. Evidence of this marked right ventri- 
cular strain was seen in the marked dilatation of the right ventricle which oc- 
curred when the clamp was left on for 5 minutes or more. This second factor is 
probably the more important one.* 

A clamp placed on the main pulmonary artery trunk with subsequent reduction 
in the blood in the lungs often resulted in an increased distensibility of the lung. 
In a similar way almost complete occlusion of the superior and inferior vena cava 

® It is interesting to note that in a patient with chronic left congestive failure, there is a 
diminished distensibility of the lung (3) which is present for a long period of time. In 
such cases the right ventricle usually maintains a normal minute output, in contradistinc- 
tion to the acute experiments described here where the addition of a sudden tremendous 
load on the right ventricle produced marked forward failure (reduction in output). A 
distinction should be made between the transition i)eriod, during which a discrepency be- 
tween the output of the right and left ventricles initiates the pulmonary congestion, and 
the lopger period which follows in which the outputs of both ventricles are equal, the pul- 
monary congestion being maintained. 
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resulted in increase of the distensibility of the lung, obviously as a result of the 
subsequent diminution of blood in the lung. However, on several occasions 
clamping of the pulmonary artery did not have this effect but produced the 
opposite changes in the volume-pressure curve. This occurred when temendous 
dilatation of the right ventricle and right atrium appeared. These dilated cham- 
bers resting on the expanding lung could cause, by their added weight, paradox- 
ical increases in intrapulmonary pressure and thus distort the curve. 

Occlusion of the ascending aorta conversely resulted in a decrease of distensi- 
bility of the lungs by damming blood in the pulmonary circuit. 

As the experiment proceeded in each animal, the distensibility of the lung 
appeared to increase. This may have been due to the shift of blood from the 
pulmonary reservoir to other regions to counterbalance the shock produced by 
the anesthesia and surgery connected with the experiment. 

The results of these many maneuvers on the distensibility of the lungs in a 
typical animal are shown in table 1. 

SUMMARY 

1 . The effect of pulmonary congestion on the distensibility of the lungs was 
investigated in both the isolated lung of the dog and in the open-chest animal. 
The degree of distensibility was derived from the corresponding increases in intra- 
tracheal pressure produced by inflation of the lung with known volumes of air 
and, in the isolated lung, also from changes produced by lung inflation upon the 
ratio of intratracheal to ^flntrathoracic^’ pressures (the latter being the pressure 
in the chamber in which the lung was enclosed) . 

2. In the isolated lung, injection of known volumes of heparinized blood into 
the pulmonary artery resulted in a diminished distensibility of the lung. * With- 
drawal of this blood caused a return of the distensibility toward its control level, 
thus demonstrating that the decreased distensibility was due to intravascular 
blood rather than intra-alveolar transudate. 

3. In the open-chest dog, compression of the pulmonary veins, producing pul- 
monary congestion, also resulted in a decrease in distensibility of the lung. Re- 
lease of the compression caused a return of the distensibility toward its control 
level. Aortic compression, another method for producing pulmonary congestion, 
also diminished pulmonary distensibility. 

4. Improvement in pulmonary distensibility occurred after compression of 
the main puhnonary artery, after partial compression of both venae cavae, and 
during the development of shock toward the end of the experiment. 

5. This study demonstrated that the distensibility of the lungs varied in an 
inverse manner with the amount of blood in the pulmonary vessels. 
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Various recent studies concerned with fibrinolysin have advanced our knowl- 
edge of this important enzyme considerably (1-20). Work on its purification 
has made available material in (‘oncentrated form (3) useful for studying funda- 
mental relationships and for studying the action of antifibrinolysin- activity 
of plasma. It is with this aspect of the general probkvm that the work lierein 
reported is concerned. 

Fibrinolysin is a proteolytic enzyme which is potentially present in plasma. 
Its precursor, profibrin olysin, has no proteolytic power l)ut may become activated 
through the action of streptokinase, chloroform and possibly some mechanism in 
the intact organism which at present is unknown (1). Fibrinolysin is a protease 
which decomposes fibrinogen and fibrin and also destroys prothrombin (16). It 
can be derived from bovine plasma in potent concentration (3). Christensen 
and Macleod (6) have pointed out that it has no relationship tr. trypsin. 

Antifibrinolysin inactivates fibrinolysin and is present in tlie plasma of all 
species so far tested (12). We have found that plasma may be sufficiently 
diluted so that at equilibrium the low concentration of antifibrinolj^sin has 
inactivated only a part of the fibrinolysin in the substrate. The quantitative 
assay of antifibrinolysin depends upon the measurement of the amount of active 
fibrinolysin remaining after equilibrium is reached. On the basis of this ap- 
proach we have found that antifibrinolysin activity increases" in the plasma of 
chicks fed a pteroylglutamic acid deficient diet. The crystalline vitamin pre- 
vents this increase. 

Methods. Imidazole hujfer. One and seventy-two liundredths grams of 
imidazole were dissolved in 90 cc. of 0.1 N. HCl. The pll was adjusted to 7.25 
with concentrated HCl or NaOH and the mixture was then diluted to 100 cc. 
volume with water. 

Fibrinogen. To insure precision and accuracy in assays the preparation and 
standardization of the reagents are extremely important. Fibrinogen must be of 
high purity and relatively stable. The fibrinogen used in these studies was 
prepared by the method which we have described (21). A 0.5 per cent to 1 per 
cent solution is prepared in a 2 per cent saline solution containing 5 per cent by 

1 Aided by a grant from the U. S. Public Health Service. 

® There has been discussion concerning nomenclature (1, 3, 6, 30). In this paper we fol- 
low the suggestions of Loomis et al. (3) and Astrup and Permin (1). In previous reports 
from this laboratory (16, 17) the term fibrinolysin inhibitor was used in place of the term 
antifibrinolysin. 
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volume of imidazole at pH 7.2. The salt in excess of physiological concentration 
increases the stability of the fibrinogen. The concentration of the latter is 
determined by an analysis of the tyrosine content (21, 22). The solution is then 
poured into test tubes, each tube receiving a sufficient quantity to complete the 
average number of assays required in one day. The fibrinogen solution is quick 
frozen in a dry ice alcohol mixture and stored at -20°C. If these precautions 
are followed, the fibrinogen will remain stable. In preparation for assays the 
fibrinogen is thawed without agitation at 40°C. in a water bath. When fluid, 
the stock solution is diluted to a 0.2 per cent fibrinogen concentration and the 
saline concentration adjusted to approximately 0.9 per cent. The tube con- 
taining the 0.2 per cent fibrinogen is maintained at 40°C. in a water bath through- 
out the period of use. The clottability remains unchanged for periods up to 
24 hours if the indicated conditions relating to temperature and salt concentra- 
tion are maintained. 

Thrombin. Thrombin topical, Parke, Davis & Company, was used. It was 
dissolved in 50 per cent glycerol-saline to give a solution containing 2,000 Iowa 
units per cc.(23). 

SUind(iTdize(^ Jibrinolysin solution. The material was obtained from bovine 
plasma by the methods described in detail (3). In preparation for use it is 
dissolved directly in imidazole buffer. More than the amount required for 
assays covering a 3 hour period should not be dissolved at one time since there- 
after the activity gradually decreases. The fibrinolysin is allowed to stand from 
20 minutes to 1 hour before standardization since during the first 15 to 20 min- 
utes after the solvent is added the fibrinolytic activity increases. Its concentra- 
tion must be standardized in terms of activity. To 0.2 cc. of fibrinolysin 
solution is added 0.2 cc. of 0.2 per cent fibrinogen solution. A stopwatch is 
started. The solutions are quickly mixed and thrombin is added by stirring rod. 
The stirring rod, 3 to 4 mm. in diameter, is immersed in the thrombin solution, 
removed and inserted with a rotating motion in the fibrinolysin-fibrinogen 
mixture and withdrawn. With practice the thrombin can be added within 
2 to 3 seconds. The reaction tube is placed in a water bath at 28°C. until lysis is 
complete. A firm clot forms within 15 seconds. The end-point is the time at 
which the contents of the tube become completely fluid and the solution runs 
freely, with no gel-like portions, down the sides of the tube as it is tilted. At the 
end point the stopwatch is stopped and the time interval recorded in seconds. 
The tube must be handled gently in determining the end-point, because ahaln'n g 
tends to disturb the reaction and may result in a false end-point. All deter- 
minations are carried out in triplicate and are based on the average for the 3 
measurements. The fibrinolysin concentration is adjusted to give a lysis time 
of 120 ± 5 seconds. 

Doidile strength standardized fibrinolysin solution. This solution is 
exactly as the standardized fibrinolysin solution except that the concentration of 
fitbrinolysin is doubled. 

Chicken plasma. Blood was obtained from the carotids, mixed with 1.85 per 
cent potassium oxalate in the proportion 7 tori. It was immediately centrifuged. 
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The hematocrit was noted. The plasma was defibrinated by adding solid 
thrombin and whipping out the fibrin. If tests could not be completed the same 
day the defibrinated plasma was stored at — 20°C. All data are calculated to 
oxalate free plasma. 

Fihrinolysin unit. Loomis, George and Ryder (3) define a unit of fibrinolysin 
as that amount which will dissolve 1 ml. of a 0.3 per cent fibrin clot in 120 
seconds at pH 7.2 and 45°C. in an isotonic saline system buffered with imidazole. 
Because we have found that fibrinolysin rapidly loses activity in solution at 
45°C. we believe it is essential to reduce the temperature to 28°C. The fibrino- 
gen concentration has been reduced to 0.1 per cent. This concentration pro- 
duces a firm clot which rapidly collapses when lysis is nearly complete. Thus a 
sharp end-point is insured. The net result is that a unit as employed here in- 




Fig, 2 

Fig. 1. Relationship between fibrinolysin concentration and clot dissolving time. Only 
fibrinolysin concentration was varied. 

Fig. 2. With fibrinolysin concentration remaining constant the time required for the 
clot to dissolve is directly proportional to fibrin concentration. 


volves more fibrinolysin. It requires approximately 5 times more than the 
amount in the unit described by Loomis et al (3). 

Experimental. Lysis of fibrin clot. Figure 1 shows the relationship be- 
tween the time required for a clot to dissolve and fibrinolysin concentration. 
It requires very potent fibrinolysin concentrations to dissolve the clot in a few 
seconds, and by comparison only minute amounts are required to accomplish the 
same result in time intervals involving minutes. These latter clot resolution 
times are the ones described commonly in the literature, because potent prepara- 
tions of fibrinolysin were not available until recently. Many conclusions were 
based on the study of minute traces of this enzyme. 

If the data in figure 1 are plotted on log projection paper approximately a 
straight line is obtained. It is interesting that the curve recalls the relationship 
between fibrinogen clotting rate and thrombin concentration (28) . The logarithm 
of clotting time is inversely proportional to the logarithm of thrombin concentra- 
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tion, and similarly the logarithm of clot dissolving time is inversely proportional 
to the logarithm of the fibrinolysin concentration. 

Fibrinogen concentration and lysis time. In these experiments the fibrinogen 
concentration was the only known variable. With a fixed concentration of 
fibrmolysm the lysis time became progressively longer as the fibrinogen concen- 
tration was increased. Figure 2 shows that the relationship between lysis time 
^d fibrinogen concentration is a straight line function. It is thus important 
to control fibrinogen concentration in fibrinolysin assay procedures. Additional 
data, not included in the figure, indicate that the straight line function extends 
through a 2 per cent fibrinogen concentration. 

Inactivahon of fibrinolysin with antifibrinolysin. If a standardized fibrinolysin 
^lution is prepared as described above the stability characteristics are favorable 
Only shght decreases in activity are noted in a period of hours. If, hoiwver a 
small amount of chick plasma is first mixed with the fibrinolysin the latter’ is 
destroyed by the antifibrinolysin of the plasma. The significant finding is that 
only a ^rtion of the fibrinolysin is destroyed and the reaction reache.® equilib- 
rium. This type of reaction could hardly have liecn predicted fi'om available 
information in the literature. It might be pointed out, however, that plasma 
does not madtivate unlimited quantities of thrombin (23), thromboplastin 
reaches equilibrium when it reacts with an excess of prothrombin (24), and there 
IS evidence that fibrinolysin will not destroy unlimited quantities of prothrombin 
(17). In fact there is now ample evidence that the interaction of proteins in- 
volved in the blood clotting mechanism commonly proceeds to equilibviiir.' 
jUthough it is a simple concept little imagination is required to realize ho\ Uiesc 
circumstances may have caused confusion in the past. 

As shown in figure 3, the maximum amount of fibrinolysin inactivated by the 
antifibrinolysin in diluted chicken plasma occurs within 5 minutes. Thereafter 
the residual fibrinolysin activity remains constant. The difference between the 
original quantity of fibrinolysin and that which remains represents a quantitative 
measure of antifibrinolysin activity. As a matter of practical convenience the 
calculations for antifibrinolysin activity are best made on the basis of equilib- 
rium conditions found after antifibrinolysin has been incubated with fibrinolysin 
for 60 minutes. 

Units of antifibrinolysin in chicken plasma. Figure 4 graphically depicts the 
relationship between chicken plasma dilutions and the dissolving time of stand- 
ard fibrin clots containing an initial fibrinolysin concentration of 1 unit. The 
plasma used was the pooled plasma of 6 one year old hens. Five units of chick 
pl^ma antifibrinolysin are defined as the quantity of antifibrinolysin which 
wt^ 60 inmutes at 28°C. and at pH 7.2 will inactivate 50 per cent of the 
fibrmolysm m 1 cc. of a standard solution containing 1 unit of fibrinolysin per cc. 
To establish units for chicken plasma antifibrinolysin, the dissolving time of J 
unit of fibrinolysin was measured on the curve in figure 1 . This was 210 seconds. 
The dissolving time of 210 seconds was then projected from the curve in figure 4 
to the ordinate. Five chick antifibrimfiysin units were therefore assigned to the 
pomt on the figure 4 curve which corresponds to the 210 seconds dissolving time. 


ANTIFIBRINOLYSIN AND PTEROYLGLUTAMIC ACID 


665 


The ordinate was then marked off in multiples and fractions of 5 antifibrinolysin 
units. To calculate antifibrinolysin units, the co-ordinate is extended from the 
abscissa to intersect the curve in figure 4 and the horizontal co-ordinate is ex- 




Fig. 3. Double strength standardized fibrinolysin solution was mixed with an equal vol- 
ume of variously diluted plasma for periods of time (X-axis). The remaining fibrinolysin 
activity was then ascertained by measuring the time required (Y-axis) to dissolve standard 
clots. The reaction between fibrinolysin and antifibrinolysin is rapid and equilibrium is 
established. The amount of fibrinolysin destroyed is a quantitative measure of antifibrin- 
olysin activity. The 60 minute co-ordinate is especially indicated, because this time interval 
is used in the assay of antifibrinolysin. 

Fig. 4. The quantity of residual fibrinolysin (that which remains after antifibrinolysin 
has destroyed fibrinolysin and equilibrium is established) is indicated as dissolving time 
in seconds. From the dissolving time the units of antifibrinolysin can be noted on the Y 

axis. 

tended to meet the unit scale on the ordinate. The unit value per cubic centi- 
meter is obtained by multiplying the number of units read off from the curve by 
the dilution factor. Correction is also made for oxalate. 
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Example: Antifihrinolysin aMsay. Place 0.1 cc. of double strength stand- 
ardized fibrinolysin solution in a test tube (50 X 8 mm. I.D.). Add 0.1 cc. 
diluted plasma (antifibrinolysin). Incubate at 28®C. for exactly 1 hour. Add 
0.2 cc. of fibrinogen (0.2 per cent) solution. Start stopwatch and immediately 
add thrombin with stirring rod as described above. Note lysis time in seconds. 
If lysis occurs in 120 seconds there is no antifibrinolysin present. If the lysis 
time is longer, say 210 seconds, then the antifibrinolysin concentration of the 
diluted plasma is 5 units per cc. (cf. fig. 4). It is recommended that dilutions of 
plasma be made so that lysis will occur in 400 seconds or less. 

Antifibrinolysin and anemia. Preliminary studies of the plasma of human 
pernicious anemia patients revealed that the antifibrinolysin activity is greatly 
increased above the normal value. It was, therefore, indicated that macrocytic 
anemia (25) be produced in chicks and that the effect of crystalline pteroyl- 
glutamic acid be studied. Since Campbell, Brown and their associates (26, 27) 
were actively engaged in the study of crystalline vitamin Be we requested that 
they furnish us plasma from their chicks for our study. The handling of their 
birds and composition of the diets is described in detail (26, 27). Five diets were 
used as follows : 

No. 1. Fortified broiler ration. Larro Milling Co. + 3 per cent desiccated pork liver 
-f 3 per cent dried brewer’s yeast. 

No. 2. Synthetic diet, no. 59744, table 1, Campbell ei al. (27), supplemented with 500 
gamma of pteroylglutamic acid per 100 grams’ ration. 

No. 3. Synthetic diet, same as no. 2 except that casein was extracted with hot alcohol. 

No. 4. Synthetic diet, same as no. 2 except that pteroylglutamic acid was omitted. 

No. 5. Synthetic diet, same as no. 4 except that casein was extracted with hot alcohol. 

The chicks were fed the respective diets for 28 days after hatching. Blood 
drawn on the 28th day was centrifuged to remove the cells and the plasma was 
defibrinated by adding commercial thrombin and whipping out the fibrin. 
Weight gains and hematocrit values wure similar to those previously described 
(27, 28). Blood studies were not made but may be assumed to parallel those 
reported for chicks under similar experimental conditions (28). 

The data obtained are presented in table 1 . In the first experiment a pooled 
sample of plasma from 2 chicks on the vitamin deficient diet was found to contain 
almost twice as much antifibrinolysin as the chicks receiving the same diet 
together with the vitamin, or chicks receiving a broiler ration. The latter ration 
is believed to be adequate in all respects. A second experiment was then per- 
formed. In this group 4 chicks on a sjmthetic vitamin Be free diet had about,, 
twice the inhibitor concentration found in chicks receiving the same diet fortified ' 
with crystalline pteroylglutamic acid. For our third study the first experiment 
was repeated, but with a larger number of chicks; and the data confirm the first 
work. 

In all cases there is a tendency for antifibrinolysin concentration to be lowest 
in the plasma from chicks on the fortified broiler ration. This may mean that 
more vitamin would be required on the synthetic diet to establish normal values 
for antifibrinolysin. However, the important point which we consider to be 
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amply established from the data in table 1 is that the antifibrinolysin concentra- 
tion increases m plasma as the result of pteroylglutamic acid deficiency. 

TABLE 1 

Antifibrinolysin concentration in chicken plasma 


Experiment no. 1 

No. 2 synthetic, fortified with pteroyl- 
glutamic acid 


No. 4 synthetic, pteroylglutamic acid free! 
No. 1 fortified broiler ration * 


Experiment no. 2 

No. 3 synthetic, fortified with pteroyl- 
glutamic acid 


No. 5 synthetic, pteroylglutamic acid free 


Experiment no. 3 

No. 2 synthetic, fortified with pteroyl- 
glutamic acid 

No. 4 synthetic, pteroylglutamic acid free 
No. 1 fortified broiler ration 


KUMBES OF CHICKS 

ANTIFIBRINOLYSIN, UNITS PER CC. 

Plasma 

Whole blood 

1 

119 

81 

1 

124 

87 

1 

168 

116 

1 

108 

75 

2 pooled 

210 

191 

1 

86 

61 

1 

117 

81 

1 

87 

61 

1 

12S 

86 

1 

158 

104 

1 

.148 

100 

1 

142 

97 

1 

266 

' 157 

1 

250 

188 

1 

323 

259 

1 

431 

294 

6 

168 

109 

5 

158 

104 

7 

149 

97 

9 

216 

176 

5 

203 

187 

3 

97 

65 

2 

99 

66 

2 

104 

67 


* Consult text for detail and also (26, 27). 

The mechanism responsible for the production of an increased 
tifibrmolytic activity m the blood of the pteroylglutamic acid deficient chick 
must temporarily be conjectural. Possibly hypoxia and tissue injury permit the 
release of excessive profibrinolysin or an activator of profibrinolysin which in 
turn may stimulate the organism to the production of more antifibrinolysin. 
On the other hand it is conceivable that protoplasmic disintegration or injury to 
cell membranes may permit the direct release of antifibrinolysin with or without 
a rise in fibrmolysm or fibrinolysin activator. It may also be hypothesized that 
altered function m aneima of such organs as the bone marrow, liver or spleen 
play a r61e m the formation of an increased antifibrinolytic activity, although the 
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probability is remote since in other pathologies which do not specifically effect 
these organs antifibrinolysin activity is also increased (29). 

Quantitative assay of antifibrinolysin may have practical value. Preliminary 
studies of the plasma of human pernicious anemia patients reveal that the 
antifibrinolytic activity is greatly increased above the normal value as in chicks. 
Additional observations indicate that the assay of antifibrinolytic activity in 
human patients may be a sensitive index of effective therapy, since in two per- 
nicious anemia patients who were followed during therapy the antifibrinolysin 
activity significantly decreased before a definite change could be found in the 
cellular picture. 


SUMMARY 

Wlien fibrinolysin dissolves fibrin clots the logarithm of the time required is 
inversely proportional to the logarithm of the fibrinolysin concentration. The 
amount of fibrin substrate also affects lysis time. Greater fibrin concentrations 
require longer lysis times and the relationship is a straight line function. When 
fibrinolysin is inactivated with a small amount of antifibrinolysin (diluted 
plasma) the inactivation reaction comes to equilibrium in less than 10 minutes. 
Active fibrinolysin remains. The difference between the original fibrinolysin 
concentration and the concentration at equilibrium is a quantitative measure of 
antifibrinolysin activity. This basic relationship has been adapted to the quan- 
titative measurement of antifibrinolysin activity in plasma. 

Macrocytic anemia in chicks, resulting from pteroyl glutamic acid deficiency, 
is accompanied by an increase in plasma antifibrinolysin activity. Crystalline 
pteroylglutamic acid prevents this marked increase. 

We wish to thank C. J. Campbell and R. A. Brown for supplying us with 
plasma from chicks receiving their experimental diets, and Eugene C. Loomis 
for generous supplies of fibrinolysin. We also wish to thank Parke, Davis & 
Company for supplying funds for Research in Physiology. 
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Almost simultaneously it has been reported from three different labo^'atories 
(Wehrmacher and Hines, 1945; van Harreveld, 1945; Hines, Wehrmacher and 
Thomson, 1945; Weiss and Edds, 1946) that changes may take place in paretic 
muscles, which result in a considerable and sometimes even complete restoration 
of the muscle force a few months after a partial denervation, performed by a 
technique which excludes regeneration of the nerve supply. The possibility 
that hypertrophy of the muscle fibers which escaped denervation could alone 
account for this increase of muscle force was rejected, and the re-innervation 
of the muscle fibers which had lost their normal nerve supply was considered as 
the chief cause for the improvement of muscle function. The most convmcing 
evidence for the efficacy of this mechanism was provided by the scarcity of 
degenerated muscle fibers in histological preparations of muscles from which a 
considerable portion of the nerve supply had been removed some months before 
(3, 5). Unattached terminal branches ending freely in the muscle have been 
considered as the source of the reinnervation of the orphaned muscle fibers 
(1, 5). However, in view of the magnitude of the functional improvements 
observed, this factor can be of but minor importance, and the active -increase 
of the terminal branching of the motor nerve fibers which escaped degeneration 
is believed to be the principal mechanism involved. 

In view of the above considerations it was of interest to look for mechanisms 
which might stimulate the motor nerve fibers to form a more luxuriant branch- 
ing. It seemed not unlikely that this stimulus would be related to the degen- 
erative changes occurring in the muscle fibers which lost their nerve supply in 
the partial denervation. The increase of the terminal branching might for 
instance be caused by products formed in the degenerating muscle fibers. The 
present investigation is an attempt to find experimental evidence for such a 
chemical stimulus. 

Methods./ The sartoriiis muscle of the rabbit was used throughout this 
investigation. The m. sartorius is a thin, narrow muscle situated superficially 
on the anterior and medial side of the thigh. The muscle is innervated by the 
n. saphenous, a branch of the n. femoralis (fig. 1, I). The 5th and 6th lumbar 
segments are usually the only segments participating in the innervation of the 
sartorius, L6 in most rabbits supplying the larger part of the nerve supply (3). 
Pulling ti|e 6th lumbar spinal nerve out of the spinal cord thus causes in most 
rabbits a severe paresis of the m. sartorius. In all experiments of this investiga- 
tion the two sartorius muscles of the anhnal were prepared for isometric record- 
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mg, two weeks after ^he partial denervation of one of them by pulling L6 out 

Of L5 for the m. sartorius was dissected and stimulated faradically. The force 
develop^ on the normal side served in this way as a control for tL strengtrof 
contraction on the operated side. The relation between these forces was Lter- 
mined independently of the absolute tension developed, which varies considerably 



Fig. A, fen:o.Hl neivo. IS, n. saphenous. C, femoral artery. D, femoral vein 

I shows the anatomical relation hetween the femoral and saphenous nerves and tie 

The saphenous nerve crosses over the arterial and venous branches running 

l,ran<£: -- -^r the^t 

II sh<™8 the operation used for the denervation of the m. quadriceps The bran 
ches o the femoral artery and vein are doubly ligated and severed. The femoral nerve 

1 gated and severed near the junction with the n. saphenous. The femoral nerve is then 
dissected distally and fastened to the fascia. 


from animal to animal, by computing the quotient, Q, of the difference in force 
between the operated and the control side, divided by the smaller of the two. 

Q = ^(operated) - FCcon trol) 

F(smaller of two) 

A positive Q thus indicates a functional improvement of the partially de- 
nervated muscle. It was shown before (3) that the Q after 2 to 6 months of re- 
mnervation depends greatly on the degree of initial denervation. Although 
this mfluence is probably of less importance when the re-innervation is allowed 
to proceed for only two weeks, it seems indicated to compare only groups of 
experiments in which the mean forces on the control sides do not differ too much. 
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The above methods have been described in detail in a previous communica- 
tion (3). 

Results. Re-innervation during the first two weeks after partial denervation. 
In 24 rabbits the 6th lumbar spinal nerve was removed unilaterally. Two 
weeks later tlie contractions of the operated and normal sartorius muscles during 
stimulation of L5, were compared. The results are given in table lA. The 
mean force developed on the normal side was 57 grams, on the operated side 


TABLE 1 

Comparison of the force developed in the right and left sartorius muscles by stimulation of L5 
under various experimental conditions 



NO. OF 

MEAN MUSCLE 
FORCE IN GRAMS 

QtlOTlENT Q 

experimental condition 

F.XPTS. 

Normal 

side 

Opera- 
ted side 

Range 

Mean 

A. 2 weeks after removal of LC) on 
one side . 

24 

57 

80 

-3.0 to 4-3.5 

+0.C ± 0.3* 

B. 5 to 6 weeks after dencrvalion of 
m. quadriceps; 2 weeks after re- 
moval of L6 on that side 

25 

51 

90 

-0.3 to 4-4.8 

4“ 1 . 3 rb 0.3 

C. 8 weeks after denervation of m. 
quadriceps 

22 

58 

58 

— 2.0 to -j-2.5 

-fO.l dr 0.2 

D. 6 weeks after cutting sciatic 
nerve; 2 weeks after removal of 
L6 on that side 

22 

38 

54 

— 1.4 to -1-3. 1 

-|-().7 ± 0.2 

E. 3 weeks’ application of extract of 
degenerated muscle; 2 weeks after 
removal of L6 on that side 

31 

33 

57 

— 2.2 to -f-O.O 

+1.5 ± 0.3 

F. 3 weeks’ application of extract of 
normal muscle; 2 weeks after re- 
moval of L6 on that side 

32 

36 

49 

-3.1 to 4-2.9 

+0.5 ±0.2 


* Standard error. 


80 grams. The mean Q was +0.6, with a standard error of 0.3. It has been 
shown previously (3) that, although considerable individual differences are 
sometimes found in normal rabbits between the right and left sartorius con- 
tractions elicited by stimulation of L5, there is statistically no difference. - The 
mean Q of + 0.6 (statistically significant on the 5 per cent level), thus indicates 
that the “spontaneous” re-innervation has started 2 weeks after partial denerva- 
tim. This result is in accordance with a previous finding based on a smaller 

number of animals (3). . . 

Effect of contact with degenerating muscle on the spontaneous re-mnervation. 
tte largest portion of the sartorius muscle of the rabbit is in close contact with 
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the m. vastus medialis, part of the quadriceps muscle. The conditions for the 
transport of products from one muscle to tlie other therefore are excellent. Use 
has been made of this anatomical relation to test formation in degenerating 
muscle of products mfluemnng the spontaneous re-inneivation of paretic muscle 
Ihe quadriceps muscle can be denervated conveniently by cutting the femoral 
nerve, leaving the n. saphenous intact. To prevent regeneratioS, the distal 
stump of the femoral nerve was dissected over some distance and was sewn to the 
fascia as far away from the proximal stump as possible (fig. 1, II). Three to 
4 weeks were allowed for the formatmn of the h.vpothetical products in the de- 
generating m. quadriceps and lor their diffusion into the m. sartorius. Then in 
a second operation the 6th lumbar spinal nerve was pulled out of the cord on the 
same side of the animal. An mteiwal of two weeks between the partial dener- 
vation and the final appraisal of the muscle force of the normal and operated 
m. sartorius was chosen, because, although the spontaneous re-innervation has 
stai ted at this time it has not proceeded very far, and the effect of anv procedure 
enhancing this process should be most apparent at this stage 
This experiment was performed in 25 rabbits. The mean force developed on 
the normal side was 51 giams, on the operated side 90 graims ttable IB) The 
mean Q was + 1.3, with a standard error of ± 0.3. These values can be com- 
pared with the mean value of -f 0.6 ± 0.3 (table 1 A) found in the control group 
Ihe mean U m the experiment in which the sartorius was subjected to the in- 
fluence of the degenerating m. quadriceps was thus about twice as large as the 
Q of the control group. The statistical evaluation of these two experiments 
howjver, shows that the difference found, thougli suggestive, does not quite 
reach statistical significance on the 5 per cent level (/ = 1 .75) 

Effect of denenahon of the quadriceps muscle on the. contraction of the m sar- 
torms Ihe enhanced improvement in function of the paretic m. sartorius in- 
duced by denervation of the quadriceps muscle (table IB), might be due to 
chanp other th-an enhanced re-innervation, for instance to hypertrophy of the 
functioning muscle fibers. This possibility was examined in the following ex- 
periment. In 22 rabbits the femoral nerve was severed in the way described 
above, leaving the n. saphenous intact. Two months later the contractions in 
the sartorius muscles elicited by the faradic stimulation of L5 on the noimal and 
Disrated side were compared. The average force on both sides was 58 grams and 
^e average Q was -t-0.1 with a standard en-or of 0.2 (table 1C). It is obvious 
rom tens experiment that the denervation of the quadriceps muscle alone does 
not change the force of the sartorius muscle during stimulation of L5 and there 
thus IS reason to believe that the enhanced improvement found in the groun of 
experiments of table IB is an effect of the degenerating m. quadriceps on the re- 
innervation process in the m. sartorius. 

AowoZaferaZ sciatic nerve on the spontaneous re-inneruation 
Ihis series of experiments was concerned with the effect of the denervation of a 
muscle ^oup at least as large as the m. quadriceps but not in close proximity to 
e^torius muscle on the spontaneous re-innervation of the latter. In 22 
rabbits the sciatic neiwe was severed at the place where it leaves the pelvis and a 
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few centimeters of this nerve were resected. This operation causes the degener- 
ation of the muscles of the shank and of the flexor muscles of the thigh from which 
the m. sartorius is separated by the adductor muscles and the m. gracilis, in- 
nervated by the obturator nerve. Four weeks later the partial denervation of 
the sartorius muscle was performed by pulling the 6th lumbar spinal nerve out 
of the cord, and after two more weeks the force of the normal and partially de- 
nervated m. sartorius was compared during the faradic stimulation of L5. The 
mean force developed on the normal side was 38 grams, on the operated side 54 
grams (table ID). The mean Q was +0.7 with a standard error of 0.2. Since 
this Q is practically the same as found in the control group of table lA, it can 
be concluded that the spontaneous re-innervation in the m. sartorius is not 
influenced by degeneration in the muscles mnervated by the sciatic nerve. 

Effect of an extract of degenerated muscle on the spontaneous re-innervation. The 
four series of exp)eriments described suggest that the spontaneous re-innervation 
of a paretic muscle is caused or is at least enhanced by chemical agents pro- 
duced by degenerating muscle. The fact that the enhancement could be demon- 
strated only when the degenerating muscle was in close proximity to the m. 
sartorius would indicate that the products are not transported by the blood- 
stream, and can diffuse only over short distances. They might be fat soluble 
substances comparable as far as their mode of transportation is concerned with 
the neuro-humors responsible for color changes in fish (Parker, 1936). 

To investigate this possibility, the effect of an ether extract of degenerating 
muscle on the spontaneous re-innervation was examined. Degenerating muscle 
was obtained from rabbits in which the spinal cord was removed caudal of L3 
to L4. In such animals the entire musculature of the hind legs and around the 
pelvis is denervated. Two weeks after the operation 150 to 200 grams of de- 
generating muscle could be collected per large rabbit. This amount of muscle 
was frozen in dry ice and was crushed, then extracted witli 300 cc. of peroxide- 
free ether under constant shaking for 24 hours. In the course of this period the 
ether was renewed once. The ether was then distilled off, yielding (per rabbit) 
2 to 3 grams of an oily substance containing a white precipitate. An amount of 
the extract corresponding to 75 to 100 grams of degenerated muscle was injected 
into the fascia covering the sartorius muscle, thereby bringing the extract in the 
closest possible contact with the muscle. One week later this muscle was par- 
tially denervat^ed by pulling the 6th lumbar spinal nerve out of the cord, and two 
weeks after this the muscle force of the two sartorius muscles of the animal was 

determined by stimulating L5. i • u ^ 

Three weeks after the application of the extract to the sartorius muscle it had 
in general not been completely resorbed. It had in most cases caused a con- 
siderable inflammatory reaction, evidenced by a mark^ hyperemia. 

This experiment was carried out on 31 rabbits; the results are given in table 
lE. The mean force on the normal side wa6 33 grams, on the operated side 57 
grams. The mean Q was +1.5 with a standard error of 0.3. The mean Q in 
Ihis experiment thus was more than twice as large as that of the control group of 
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table 1 A, and as that of the group of experiments compiled in table ID, which 
can also be considered as a control group. In this latter group the mean force 
of the control muscles is more equal to the corresponding value in the exper- 
iment m which the extract was used (table IE). These observations suggest 
Jat the extract has an enhancing effect on the spontaneous re-innervation: 
the differences, however, are statistically not quite significant (t = 1.9 for the 
ex^riments of table lA and IE, and t= 1.8 for those of table ID and IE). 

Eff^ of an extract of normal muscle on the spontaneous re-innervation. In 
another series of experiments an ether extract of normal muscle, made in exactly 
the same way as described above, was deposited on top of the sartorius muscle of 
32 rabbits. Again after one week this sartorius muscle was partially dener- 
vated and 2 wwks later its muscle force during stimulation of L5 was compared 
with that of the m. sartorius of the other side. 

irritation and hyperemia as 
that of degenerated muscle. The results are shoira in table IF. The mean 
toce developed on the normal side was 36 grams, on the treated side 49 grams. 
The mean Q was -f 0.5, the standard error 0.2. The mean Q in this experiment 
IS thus slightly smaller than that of the control groups of table lA and ID. It 
IS possible that this is an expression of the inflammatory damage to the muscle 
caused by the extract. An examination of the statistical significance of the 
difference between the Q of the series treated with the extract of degenerated 
muscle, and that of this control series in which extract of nor-mal muscle was 
used, showe^hat the difference is at least significant on the 5 per cent level 
(t- 2.5).> The enhancing effect of the extract of degenerating muscle on the 
re-innervation thus seems to be lacking in extract of normal muscle. 


CONCLUSION AND SUMMARY 


The SIX groups of experiments described above suggest that re-innervation of 
the paretic sartorius muscle is enhanced by close contact with degenerating 
muscle or with an extract of degenerating muscle. The enhancement in general 
IS small, which is not surprising as it is obtained against a background of “spon- 
teneous” re-mnervation. This, with the considerable variability, makes it 
diftcult and laborius to obtain sufficient data which show statistically significant 
differences. However, other criteria support these conclusions. The largest 
Vs are found in the series in which the sartorius muscle had been subjected to 
the effwt of degenerating muscle (table IB) or to the extract of such muscle 
(table IE). Besides the number of negative Q’s in these series is considerably 
smaller than in the control series. 

The differences between the effect of the extract of degenerated and of nor- 
mal muscle mdicates that the degenerating muscle forms specific products, which 
cause, or at least enhance, the “spontaneous” re-innervation. These products 


t.h/ i w covariance to the data of 

ble IE and IF, and showed that the mean square for the adjusted means divided by the 
mean square for error, yields a value for F greater than that at the 1 per cent point . 
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seem to be absent or less abundant in normal muscle. In this way the degener- 
ating muscle fibers in a paretic muscle would themselves produce some of the 
factors in the chain of events leading to the recovery of their function. 

I am greatly indebted to Mrs J. Wiersma and Miss R. E. Estey for valuable 
assistance. 
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Mann and his associates (1, 2, 1 1) were able to demonstrate that the liver of 
the dog was an essential agent in the destruction of blood uric acid. Their work 
has been confirmed in the rabbit by McMasters and Drury (lO)andbvSvedberg 
M^dock and Drury (13). Maddock and Svedberg (!)) found similar changes 
following total removal of the liver in monkeys. Belief in the hepatic conversion 
of uric acid to allantoin in .subprimate mammals has been based upon three 
experimental observations: a, an increase in blood and urinary uric acid follow- 
mg hepatectomy (2) and a corresponding decrease in urinary excretion of allan- 
tom; b, the absence of a rise in blood uric acid after nephrectomy (1) this con 
stituent presurmbly being converted to allantoin by the still intact liver and c 
the pre-sence of the enzyme urica.se in the liver of such animals (4, 7, 14). ’ Tech- 
nical difficulties prcvioiLsly prevented the determination of allantoin in the blood 
of animals subjected to these surgical procedures. It was therefore impossible to 
quantitate the relationship of the liver to blood allantoin. Relatively little is 
known about the blood allantoin even of normal animals, since only recently 
haw there appeared adequate methwls for the assay of small samples. 

In tile present report concomitant determinations have been made of the blood 
uric acid and allantoin in rats before and after nephrectomv, hepatectomy and 
nephrectomy followed by hepatectomy. Our results suggest that the liver of 
the rat functions to convert uric acid to allantoin as the end product of its purine 
metabolism. ^ 

Methods. Male albino laboratorj^rats of the Wistar strain, six to eight months 
dd and weighing an average of 287 grams were maintained on a diet of Purina 
Dog and Laboratory (thows with occasional supplement of green vegetables. 
Determinations of blood uric acid and allantoin were made on 72 normal rats- 
on 42 rats after bilateral nephrectomy; on live rats after total hepatectomv and 
on three rats after nephrectomy followed 15 houi-s later by total hepatectomy 
Blood samples of approximately 1 ml. volume were obtained by cutting the 
tail of the ether-anesthetized animal, or by cardiac puncture. 

Kidneys were removed through short bilateral lumbar incisions. Blood sam- 
ples were taken before and at 0, 15, 24, 48 and 72 hours after nephrectomy. As 
many as four samples were taken from the same animal. Po.st-operatively the 
rats received water but no food. 

Rats were hepatectomized after total vkscerectomy. It was found best to re- 
move the hver by ligating each lobe near its pedicle with soft wool yarn, taking 

* Aided by a grant from the Public Health Service. 
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care to avoid including the inferior vena cava. These animals were maintained 
for six hours by hourly subcutaneous injections of 2.5 to 5 ml of 10 per cent 
glucose. 

Uric acid was determined by the macro method of Folin (6) on an aliquot of 
the unlaked blood filtrate. 





Figs. 1. Histogram of blood allantoin results of 113 analyses on samples from 72 rats. 
Median 1.8 mgm. per cent; mean 2.1 mgm. p er cen t; standard deviation db 0.53 mgm. per 

/ s (x^) 

N 

Fig. 2. The effect of nephrectomy upon the blood allantoin and uric acid of 42 rats. 
Fig. 3. The effect of nephrectomy followed by hepatectomy upon the blood allantoin and 
uric acid of three rats. 


cent, computed from the formula 


lu. per 


Allantoin was determined according to the technique of Christman et al, (3) 
modified in that an unlaked blood filtrate instead of a laked filtrate was used, 
thus avoiding interference from ergothioneine which remains in the unlaked cells 
(5). An ice-salt bath at ~8 to - 10° C. was used in the allantoin assay instead 
of the 0° bath suggested by Christman et al. A yeast blank and two standard 
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solutions were run concurrently with almost aU assays. The standards and 
Wa^ were manipulated in the same fashion as samples; their values as read on a 
^ett-Summereon photoelectric colorimeter (12) varied only slightly from day to 
day. In our hands the correction for uric acid was about J of the value of an 
equd concentration of allantoin, in the range from 1-5 mgm. per cent uric acid. 

INSULTS. A. The blood allantoin concentrahon of normal rats. A distribution 
chart constructed from the results of 113 analyses of the blood allantoin of 72 
rats 18 presented in figure 1 . The mean value was found to be 2. 1 m g m , per cent 
and the median value, 1 .8 mgm. per cent. Eighty-eight per cent of the allantoin 
va ues lay m the range from 1 to 2.5 mgm. per cent. The extreme range varied 
from 0.6 to 3.2 ingin. per cent. 


The average blood uric acid of the group was found to be 1.5 mgm. per cent 
(range: 0.5 to 3.4 mgm. per cent). 

B. The blood allantoin and uric acid concentration after nephrectomy. Blood 
allantoin concentration rose immediately, sharply, and steadilv in the 42 rats 
after bilateral nephrectomy, as shown in figure 2. Its accumulation in blood re- 
sulted m the following average concentrations: Pre-operative, 2.1 mgm. per 
nephrectomy, 11.3 mgm. per cent; 15 hours, 23 mgm. per 
cent; 24 hours, 32 mgm. per cent; 48 hours, 38 mgm. per cent; and 72 hours, 50 
mgm. per cent. ’ 


Blood uric acid, however, remained substantially unchanged (see fig. 2). 

C. Ihe blood allantoin and uric acid concentration after hepatectomy. Eight 
rats were hepatectomized. Blood uric acid increased rapidly following hepa- 
tectomy whereas blood allantoin concentration either remained the same or fell 
The average pre-operative blood uric acid was 1.6 mgm. per cent, rising to 14 
mgm. per cent 6 hours after hepatectomy. 

Three of these animals were first subjected to a nephrectomy. As figure 3 
indicates, the average blood allantoin in these animals rose from 1.9 mgm per 
cent before nephrectomy to 24 mgm. per cent 15 hours after nephrectomy. The 
average blood uric acid concentration, however, showed little change in that it 
was 1.0 mgm. per cent before and 1.2 mgm. per cent 15 hours after nephrectomy. 
However, as soon as hepatectomy had been performed on these same rats the 
b ood allantoin concentration ceased to rise (see fig. 3). On the other hand, the 
blood unc acid concentration rose from 1.2 mgm. per cent before, to 13 mgm. per 
cent 6 hours after hepatectomy. 

Discussion. In the present study the blood allantoin concentration of 
normal rats was determined. As far as we know this is the first report, of the 
blood allantoin concentration in a large series of this species maintained on a 
relatively normal diet. Christman, Foster, and Esterer (3), however, have re- 
^rted the blood allantoin in 13 rats existing on either a high or a low casein diet. 
Ihe average concentration of their two groups was 1.22 mgm. per cent, a value 
considerably lower than the mean concentration of 2.1 mgm. per cent and 
median of 1.8 mgm. per cent found in our series. Our animals, of course, were 
receiving exogenous purine in their diet. 

The rapid rise of blood allantoin and the absence of any increase in blood uric 
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acid following nephrectomy furnished suggestive evidence that the conversion of 
uric acid to allantoin was responsible for the increase in blood allantoin following 
nephrectomy. Previous investigators (1, 13) have shown that no significant rise 
in blood uric acid occurs in the dog and rabbit after nephrectomy. However, the 
blood allantoin had not been determined in such experiments although it was 
tacitly assumed to rise. Our results indicate that such a rise actually does occur. 

The rapid rise of blood uric acid after hepatectomy has been j*eported pre- 
viously without concomitant determinations of blood allantoin. Our studies 
also showed a rise in blood uric acid after hepatectomy. Moreover, it was found 
that blood allantoin under such circumstances failed to rise. In three animals 
subjected first to nephrectomy and then to hepatectomy, blood allantoin was 
found to increase in concentration until hepatectomy had been performed, after 
which time, it failed to increase. On the other hand, blood uric acid did not in- 
crease until hepatectomy had been done. These procedures clearly indicated 
that the liver of the rat functioned to convert blood uric acid into blood allantoin. 
Furthermore, when the blood uric acid concentration 6 hours after hepatectomy 
(average: 14 mgm. per cent or 4.66 mgm. of nitrogen per cent) was compared 
with the blPod allantoin concentration 6 hours after bilateral nephrectomy 
(11 mgm. per cent or 3.89 mgm. of nitrogen per cent) it was found that a differ- 
ence of only 16 per cent existed between the blood purine nitrogen concentrations 
of the two series of animals. When the extensive surgery sustained by rats sub- 
jected to the hepatectomy-viscerectomy is considered, this difference of 16 per 
cent is of questionable significance. It seems likely then in the normal rat, that 
the uric acid not excreted in the urine is converted entirely into allantoin and 
that this conversion is accomplished chiefly, if not exclusively, by the liver. 

The presence of uricase in the rat liver has been reported by Lan (8), by 
Klemperer et aL (7) and by Truszkowski and Goldmanowna (14). The latter in- 
vestigators also reported a small amount of uricase present in rat kidney. Five 
of our 8 hepatectomized animals had intact, but anuric kidneys, yet blood 
uric acid accumulated without any rise in blood allantoin. It is evident that if 
kidney uricase were present, it was ineffective in these hepatectomized rats. 

SUMMARY 

1 . The median blood allantoin concentration of the adult male Wistar rat on a 
Purina chow diet was found to be 1.8 mgm. per cent. 

2. Concomitant determinations of blood uric acid and allantoin before and 
after nephrectomy and hepatectomy suggested that rat blood uric acid is con- 
verted entirely to blood allantoin and that this conversion is accompished chiefly, 
if not exclusively, by the liver. 

The authors wish to express their thanks for the technical assistance of Barbara 
Trousdale, Zora Gross and William Cano 
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Frame and Russell (1) found that the administration of insulin to the “func- 
tionally’’ eviscerated rat caused a significant decrease in the rate and extent of 
rise in the blood amino acid content. The present study extends the observa- 
tions upon the eviscerated rat and supports the general conclusions of Frame and 
Russell by showing that the effect of insulin upon the level of blood amino acids is 
determined by the dose of insulin per se and is not modified significantly by wide 
changes in the level of blood glucose caused by the intravenous administration 
of different glucose loads at each insulin dose. 

Methods. Male rats of the Sprague-Dawley strain were used in these 
experiments. The diet was Purina Dog Chow. When the rats reached a weight 
of 185 to 205 grams the inferior vena cava was ligated between the liver and the 
kidneys in order to cause the development of a collateral circulation. Asepsis 
was preserved in this operation. When the animals reached a weight of 250 ± 2 
grams they were anesthetized (intraperitoneal injection of 18 mgm. of cyclo- 
pentenyl-allyl-barbituric acid sodium) and eviscerated by the procedure of 
Ingle and Griffith (2). All of the intra-abdominal organs were removed except 
the adrenals and the kidneys. The animals were not fasted. In these liverless 
animals one initial dose of the barbiturate was sufficient to maintain effective 
anesthesia throughout the experiment. 

Intravenous infusions of a 0.9 per cent sodium chloride solution with and 
without added glucose and crystalline zinc insulin (Lilly) were made by two 
continuous-injection machines which delivered fluid from each syringe at the 
rate of 20 cc. in 24 hours. Syringes of the Luer-Lok type were selected to deliver 
20 cc. with a stroke of 65 mm. Two syringes were operated by one machine and 
6 syringes by the other. Each was powered by a synchronous motor, and the 
reduction of motion was achieved by a precision-built system of gears so that an 
exact control of the rate of injection was maintained. The infusions were made 
into the saphenous vein of the right hind leg and were started within 3 minutes 
following the removal of the liver. The animals were secured in a supine position 
on an animal board and were enclosed in a cabinet having a constant temperature 
of 26.5 ±0.5 degrees C. 

At the end of the infusion period blood was drained from the abdominal aorta 
by a cannula. Heparin was used as an anticoagulant. The analyses of blood 
glucose were by the method of Miller and Van Slyke (3). This procedure 
measures small amounts of non-fermentable reducing substances which collect 
in the blood of eviscerated rats. Whole blood was pooled from 2 to 4 animals, 

682 



EFFECT OF INSULIN ON BLOOD AMINO ACIDS 


683 


waa determined by the ninhydrin-carbon dioxide 
mctiiod. of Hainiltoii End Van Slykc (4). 

«nH experiment 1 (fig. i) the values for glucose 

and ammo acids of whole blood were determined at the end of 24 hours foLwing 
e^sceration. The levels of insulin dosage were 0.0, 0.25, 0.5, 1.0, 2.0, 4.0 and 
16.0 units per rat per 24 hours. At each insulin dose, 3 different glucose loads 

thTmeT hyperglycemia, 

Wd ^rSIi/rf maintained a near normal level of blood glucose, and the smallest 
oad permitted the development of hypoglycemia. The final level of blood 

P'-«POrtional to the size of insulin dose and was not 
related to the glucose load or to the final level of blood glucose in these experi- 
ments. fen rats which had recovered from ligation of the vena cava but were 



Jm' ^ ’.4^?''®' acids in whole blood in relationship to insulin dose elucose load 

and blood glucose level. 24 hours following evisceration. AveragesTd r^nge of ^s 

cosi'* AverS"' “ P^en insulin or glu- 


to have an average level of 9.9 mgm. of amino acids 
Eviscerated rats not given insulin had an average 

laree amoim^^' the end of 24 hours, whereas the administration of 

Ur^ amounts of insulin to similar animals completely prevented the rise in 
ammo acids. 

In experiment 2 (fig. 2) the concentration of amino acids in whole blood was 
determined at the end of 2, 4, 6, 8, 12, 16 and 24 hours of continuous infusion of 

M blood amino acids 

lln^nf A.?f '^bo found an average 

value of 43.3 mgm. per cent at the end of 51 to 61 hours as compared to tL 

^er^ value of 13.5 mgm. per cent at the end of 6 hours in the prLnt experi- 
ment. It was considered possible that the intravenous administration of ^id 
b«!r,!fi “y have masked a true rise in blood amino acids by causing 

I u ion. ccordingly , an additional series of blood samples was taken at 


684 


INGLE, PRESTRUD AND NEZAMIS 


2, 4, 6 and 8 hours follo>viiig evisceration in animals which were not given any 
fluid. The rate of increase in blood amino acids (fig. 2) was essentially the same 
as shown by similar animals given intravenous fluids. Kidney function was 
well maintained for several hours in the eviscerated animals of these experiments, 
and there was no significant change in the cell volume of the blood in those 
animals which received intravenous fluid and those which did not. 

Experiment 3 was a further attempt to identify the factors responsible for the 
quantitative differences in values for amino acids observed in this study as 
compared to the data of Frame and Russell which were derived from animals 
having a “functionaP’ evisceration and which were fasted for 24 hours prior to 
operation. Accordingly, the concentration of amino acids in whole blood was 
determined 6 hours following the evisceration of rats that had been fasted 24 
hours prior to operation. Eight rats were eviscerated by the technique used in 
the above experiments and 8 rats were subjected to “functionaP’ evisceration 
by the technique of Frame and Russell. These animals were not subjected to a 
preliminary ligation of the inferior vena cava; the gut was removed but the 
liver remained in situ after its arterial and portal vessels were tied. The rate 
of rise in blood amino acids was not greatly increased by the 24-hour fast and 
was not greater in the ‘‘functionally’^ eviscerated animals. The mean value at 
the end of 6 hours following “functional” evisceration was 14.7 mgm. per cent of 
whole blood as compared to 15.4 mgm. per cent for the completely eviscerated 
group. 

Discussion. The data of these experiments are consistent with the conclu- 
sions of Frame and Russell (1) that the rise in blood amino acids which follows 
evisceration in the rat is suppressed by the administration of insulin and that 
this effect is not related to the blood sugar level. We have more fully explored 
the dose-response effect of insulin at high and low levels of glucose load and at 
high and low levels of blood glucose than was done by Frame and Russell. The 
level of blood amino acids was responsive to the amount of insulin per se and was 
not determined by the level of blood glucose. It is not possible to conclude 
whether the change in the level of blood amino acids represents a direct effect 
of insulin upon protein metabolism or whether it is an indirect effect which is 
secondary to the action of insulin upon the metabolism of carbohydrate. Frame 
and Russell have reviewed the other studies showing an effect of insulin upon 
nitrogen metabolism. More recently Friedberg and Greenberg (5) have shown 
that insulin depresses the level of amino acids in the blood of intact rats. 

Although the general results of this study support the conclusions of Frame 
and Russell, there are significant quantitative differences in the values reported 
for the levels of amino acids in whole blood. They reported an average initial 
value of 15.1 mgm. per cent which increased to 43.3 by 5J to 6| hours and 65.0 
by 8 hours. We found an average initial value of 9.9 which increased to 13.5 
at 6 hours and 15.8 at 8 hours. Frame and Russell found only a partial sup- 
pression of the rise in amino acids by insulin, whereas we found complete sup- 
pression with insulin. According to experiments 2 and 3 our lower values were 
not due to the intravenous infusion of fluids, nor to our failure to fast the animals 
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for 24 hours nor to the difference in operative technique. The methods of 
chemical analysis of blood for amino acid content were different, and it is pos- 
sible that the differences in results were due to differences in the specificity of 
these methods. 

The use of a constant temperature chamber in these experiments upon an- 
esthetized, eviscerated rats has tended to stabilize the effect of insulin upon the 
level of blood glucose as compared to the lower and more variable results re- 
ported earlier (6, 7). The effect of insulin upon glucose tolerance is increased 
by a rise in temperature of as little as 1 degree C. The temperature of the 
anesthetized, eviscerated rat falls rapidly .so that within 2 to 3 hours following 
operation it is stabilized at 1 or 2 degrees above the temperature of the sur- 
rounding air. We had anticipated that the maintenance of a higher environ- 
mental temperature would improve the viability of these animals. To the 
contrary, an increase in environmental temperature above 28 degrees C. is 
followed by a marked reduction in survival time. Twenty-six-and-one-half 
degrees C. has been selected as standard for our experiments. 

SUMMARY 

Eviscerated male rats were given continuous intravenous infusions of different 
concentrations of glucose and insulin over a period of 24 hours. In rats not 
given insulin the amino acid concentration of whole blood increased from a 
normal average of 9.9 mgm. per cent to 28.4 mgm. per cent at ti;e end of 24 hours. 
The administration of optimal amounts of insulin completely suppressed this 
rise. 

The quantitative effect of insulin in suppressing the rise of blood amino acids 
was proportional to the dose and was not determined by the glucose load or by 
the level of blood glucose. 

The rate of rise in blood amino acids in rats not given glucose or insulin was 
steady during the 24-hour period and was not changed significantly by the 
intravenous administration of fluids during a period of 8 hours. 

The rate of rise in blood amino acids for 6 hours was increased only slightly 
by a 24-hour fast and was practically identical to that of similar animals sub- 
jected to functional” evisceration instead of complete evisceration. 
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Few investigators who have administered thyroid material to animals have 
determined dosage levels on the basis of the animaPs own thyroid secretion 
rate. It is generally believed that the amount of thyroid hormone in the blood 
controls the secretion of the thyrotrophic hormone by the anterior pituitary 
gland. In order to produce a hyperthyroid condition more thyroid material 
must be given to an animal than its own thyroid gland secretes because of the 
depressing effect on thyrotrophic hormone secretion by added amounts of thyroid 
material. The present work deals with the normal thyroid secretion rate of 
growing and mature male and female mice determined through the administration 
of thyroxine and the feeding of thiouracil sunultaneously . The thiouracil 
prevents the formation of endogenous thyroid hormone with a resulting increased 
secretion of thyrotrophic hormone. The thyroid gland responds by enlargement, 
and it is only by increasing the blood level of thyroid hormone to normal that 
the thyroid gland may be maintained at a normal size. 

Dempsey and Astwood (3) first suggested a thyroid secretion assay by de- 
termining the amount of thyroxine needed to maintain normal thyroid size when 
administered concurrently with a goitrogenic drug. This assay has been used 
in the study of thyroid secretion rates in the rat (1, 3, 5, 7-10), and in the chicken, 
goat, and bovine (13). 

Procedure. Albino mice were purchased from a commercial breeder^ and 
fed a ration mixed at this station which has proved satisfactory for powth, 
gestation, and lactation. Over the two week assay period the experunental 
animals were fed ad libitum with 0.2 per cent thiouraciP in the ration and in- 
jected subcutaneously daily with varying levels of d, 1-thyroxine dissolved in 
the form of the di-sodium salt. Animals were weighed daily and injected in 
proportion to body weight. On the fifteenth day animals were sacrificed, the 
thyroids removed and weighed on a precision balance to the nearest 0.05 mgm. 

Thyroid secretion rates were measured during the summer and winter seasons. 
During the summer there was no control of environmental temperature, the 
range being 85 to 92°F., with an average of 87°. In the winter thermostatic 
control of our animal room allowed a temperature ranp of 78 to 82°F., with an 
average temperature of 80°. 

» Contribution from the Department of Dairy Husbandry, Mifisouri Agricultural Expm- 
ment Station, Journal Series no. 1066. 

* Ed. Schwing, Harrison, Ohio. . ^ xt ^ i. 

» We wish to thank Dr. Mark Welsh of Lederle Laboratories, Pearl River, N. Y.,for the 

thiouracil used in this study. 
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vahies reported here are in terms of injected d,l-thyroxine which has one- 
hau the potency of 1-thyroxine (11), the form in wWch thyroxine is active in 
thyro^obulin. 

Results. Young mice, at three to five weeks of age, were fed thiouracil 
and injected with thyroxine simultaneously. The mice were not segregated 
according to sex because of the small numbers in the groups and also because no 
differences were observed in the responses to treatment by the males and females. 
With the environmental temperature averaging 80°F., the young mice secreted 
the equivalent of 9.2 /xg. of d, 1-thyroxine per 100 grams body weight per day 
(table 1, fig. 1). Inasmuch as these animals were growing, they served to il- 
lustrate an interesting point in connection with the thyroid secretion assay 
method used in this work. With the animal’s own thyroid secretion inactivated 
by the feeding of thiouracil, the only source of thyroid hormone would be the 
amount that was being injected. It would follow, therefore, that the amount 

TABLE 1 


Thyroid secretion rate 
Growing mice, 3-5 weeks of age 


THIOURACIL IN 
TEED 

d, 1 THYROXINE 
injected/100 

CM. BW./dAY 

NO, OF MICE 

BODY* WT. 

THYROID* WT. 

THY. WT.*/100 CM, 
BODY WT. 

% 

MJ?. 


grams 

mgm. 

mgm. 

None 

None 

11 

15.6±1.90 

2.07±0.13 

13. 3± 1.09 ■ 

0.2 

None 

9 

12.1±0.33 

10.50±1.28 

86.8±10.23 

0.2 

2.5 

9 

n.2±0.36 

8.64=b0.91 

77. 9± 4.76 

0.2 

5.0 

11 

15.3±0.43 

6.05db0.96 

39. 6± 6.33 

0.2 

1 R 

10.0 

8 

14.8±0.09 

1.20d=0.29 

8.1± 1.28 


Estimated thyroid secretion rate/ day; 9.2 /ug. per 100 gram body weight. 
* All means given with standard errors. 


of thyroxine required, to maintain the thyroid gland at normal size would also 
be enough to cause normal growth gains. This was found to be the case (table 

fig* !)• The animals which received 10 /ug. of d, 1-thyroxine per 100 grams 
body weight per day gained 85 per cent of their initial body weight as compared 
to a gain of 93 per cent by the controls. The differences in the body weights 
t^tween the group injected with 10 Mg- of thyroxine and the controls were not 
significant, according to an analysis of variance (14), either at the beginning or 
the end of the assay period. 

Mature mice, assayed for thyroid secretion rate during the winter months 
when temperature was held at about 80°F., secreted less thyroid hormone than 
did the young mice on a 100 gram body weight basis under the same conditions. 
Mature female mice secreted the equivalent of 5.5 Mg- of d, 1-thyroxine per 100 
grams body weight per day, or about one-half of what young mice produce, 
and mature male mice secreted the equivalent of 2.4 Mg. of d, 1-thyroxine per 100 
grams body weight per day, or about one-fourth of the amount produced by 
young mice (table 2, fig. 2). It follows then that the th 3 rroid secretion rate of 
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Fig. 1. Thyroid weights and percentage body weight increases of growing mice, 3 to 6 
weeks of age, injected for 14 days with thyroxine during the simultaneous feeding of thi- 
ouracil. 

Fig. 2. Thyroid weights of mature mice kept at 80°F., and injected for 14 days with 
thyroxine during the simultaneous feeding of thiouracil. Solid line, males; broken linei 
females. 

Fig. 3. Thyroid weights of mature mice kept at 87°F., and injected for 14 dajrs with thy- 
roxine during the simultaneous feeding of thiouracil. 

TABLE 2 


Thyroid secreiiqn rate-SO^F . 


THIOUHACIL IN 
FEED 

d,l THYROXINE 
injected/100 

OM. BW./DAY 

NO. OF MICE 

BODY* WT. 

THYROID* WT. 

THY. WT.*/100 

OM. BODY WT. 

Mature males 

% 

tig- 


Rrams 

mgm. 

mgm. 

None 

None 

74 

20.5rfc0.47 

2.46±0.12 

11.6±0.42 

0.2 

None 

38 

22.9rfc0.39 

9.72=1=0.50 

42.8±1.72 

0.2 

0.125 

19 

22.3rfc0.45 

8.52rfc0.67 

37.4d=2.54 

0.2 

0.25 

19 

23.6rfc0.49 

8.95rfc0.68 

37.9±2.57 

0.2 

0.5 

5 

21.2rfcl.38 

4.09rfc0.84 

19.3=fc2.75 

0.2 

1.0 

8 

22.8±1.29 

5.86rfc0.81 

25.7db3.20 

0.2 

2.0 

8 

21.9±0.65 

3.40rfc0.49 

15.5±2.09 

0.2 

2.5 

10 

22.1±0.50 

2.32rfc0.39 

10.5±1.88 


Estimated thyroid secretion rate/day ; 2.4 Mg./lOO gram body weight; 0.54 /ig./mouse; ave. 
body wt. 22.5 gram. 


Mature females 


None 

None 

24 

19.9±0.29 

2.44=fc0.14 

11.7±0.62 

0.2 

None 

10 

20.1±0.63 

7.17rfcf0.60 

37.3=b4.17 

0.2 

2.0 

10 

19.8db0.64 

3.85±0.48 

19.4=fc2.29 

0.2 

4.0 

10 

19.5±0.37 

3.60d=0.72 

18.5±3.35 

0.2 

6.0 

10 

20.lrfc0.46 

1.84dr0.19 

9.2=fc0.87 


Estimated thyroid secretion rate/day; 5.5 Mg /100 gram body weight; 1..09 Mg./mouse; ave. 
body weight 19.9 grams. 

* All means given with standard errors. 
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laioe declines with age. Another point of interest is that whereas there was no 
difference between male and female thyroid secretion rate in young mice, a 
difference between sexes did show up in the mature mice. Females secreted 
somewhat more than twice as much thyroid hormone as did the males. 

In studying the thyroid secretion rate during the summer months, the tem- 
perature ranged from 85 to 92®F. with a mean of 87°. The higher temperature 
caused the thyroid ^cretion rate to decline in mature animals as compared to 
studies made at 80°F. Male mice secreted the equivalent of 0.7 ng. of d.l- 
thyroxine per 100 grams body weight per day, or about one-fourth as much 
as at 80°F., and the females 3.2 jug., somewhat more than half of the amount 


TABLE 3 

Thyroid secretion rale- 87 ’^F . 


TRlOUmACIl. IN 
TEED 

d, 1 THYROXINE 
INJECTED/100 
CM. BW./DAY 

NO. OF AlICE 

BODY* WT. 

TnVROID* WT. 

Tuy. WT.Vl^W 

CM. BODY WT. 

Mature males 

% ' 



f^rams 

mgm. 

niRtn. 

None 

None 

9 

26.1±1.30 

3.84:b().44 

14.7zbl.49 

0.2 

None 

7 

24.2±(),66 

7.33zbl.02 

30.3±3.78 

0.2 

0.6 

10 

21.6±0.40 

3.53d=0.37 

16.3zfcl.67 

0.2 

1.0 

11 

23.lzb0.96 

2.78zh0.24 

12.0=bl.l2 


Estimated thyroid secretion rate/day; 0.7 jug /lOO gram body weight; 0.17 Mg /mouse; ave. 
body weight 23.6 grams. 


Mature females 


None 

None 

0 

1 20.6±0.56 

2.8]±0.18 

13.6zb0.78 

0.2 

None 

1 10 

21.5zfc0.52 

8.53zbl.l5 

39.7zfc5.7ft 

0.2 

1.0 

9 

1 21.5zfcl.00 

5.00±0.62 

23.2zfc2.66. 

0.2 

2.0 

10 

22.1±0.27 

3.56zfc0.34 

16.1dbl.4& 

0.2 

4.0 

9 

21.2zfc0.62 

2.52zfc0.21 

11.9db0,8a 


Estimated thyroid secretion rate/day; 3.2/ig./100 gram body weight; 0.68 /xg. /mouse; ave. 
body weight-21.4 grams. 

* All means given with their standard errors. 


secreted at the lower temperature (5) (table 3, fig. 3). These results show that 
there is a sex difference also at 87°F., the females secreting almost five times as 
much thyroid hormone as the males on the basis of 100 grams’ body weight 
Because of the differences observed in the thyroid secretion rate between 
young and mature mice, between mature males and females, and because of the 
effect of temperature on thyroid secretion rate, the investigator must regulate 
thyroid stimulation with regard to the animal’s own response to physiological 
and environmental differences. At 87°F., for example, many male mice died 
following a dosage level that was only enough to maintain a normal thyroid 
horxncme level in the blood of the females at the same temperature. If one 
wished to stimulate growing mice and gave twice the amount of hormone secreted 
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by the mature male at 80®F., or about 5yL«g., he would not stimulate the growing 
mice but simply complement the thyroid secretion by the amount add^ inasmuch 
the growing animal itself is already producing the equivalent of 9.2 of d,l- 
thyroxine per 100 grams body weight per day. Any amounts of thyroid material 
given to animals up to and including their normal thyroid secretion rate simply 
cause a reduction in thyrotrophic hormone secretion by the anterior pituitary 
gland with a resultant decrease in thyroid hormone production by the animal ^s 
own thyroid. The net result then would be the same as if no hormone had been 
administered. 

Discussion. In agreement with the work reported here in the mouse, other 
workers have noted a decline in thyroid secretion per 100 grams of body weight 
with the increase in size of the growing animal. Schultze and Turner (13) 
reported this in the chicken and Monroe and Turner (8) in the rat. 

The difference in sex response to thyroxine injections has already been ob- 
served in the mouse by Schoeller and Gehrke (12). They reported that equal 
amounts of thyroxine injected on a body weight basis stimulated greater carbon 
dioxide production in males than in females. Schultze and Turner (13) noted 
small but consistently greater thyroid secretion rates in growing male White 
Plymouth Rock chickens as compared to females. Monroe and Turner (8) 
reported that young female rats secreted more thyroid hormone than males, 
but that as the animals grew older the sex difference was reversed. Schultze 
and Turner (13) fed the dimethyl ether of diethylstilbestrol to Barred Rock 
pullets and found that their thyroid secretion rate was not significantly dif- 
ferent. The same authors also noted that castration lowered the thyroid secre- 
tion rate of young Plymouth Rock chickens. 

The differences observed in thyroid secretion rates at different temperatures 
agree with earlier observations on the rat. The curves obtained on the rat by 
Dempsey and Astwood (3) agree with ours in that at cooler temperatures both 
show a steeper response slope to thyroxine injections. It is also of interest to 
correlate our observations on temperature with those of Herrington (4) who 
studied the basal metabolism of the mouse. He found the “zone of thermo- 
neutrality defined by Brody (2) as “the temperature at which heat loss from the 
body is equal to the minimum heat production”, to be between 85“92®F. On 
this basis, the mice kept at 80°F. would increase their basal metabolic rate in 
order to compensate for heat losses from the body. These values are correlated 
with the present work in which the thyroid secretion rate increased in both 
sexes at 80°F., outside of the zone of thermal neutrality. 

It is of interest at this point to correlate the thyroid secretion rate of mice 
with that of other species studied in these laboratories (table 4). On the basis 
of 100 grams of body weight, the male mouse ranks second to the male rat, the 
rat producing about one and one-half times as much hormone as the mouse. 
With the females and growing animals, however, the mouse produces more 
thyroid hormone than the other species studied. Thus female mice secrete 
about three and one-half times as much thyroid hormone as White Plymouth 
Rock chickens, or twice as much as rats on a body weig^bt basis. Growing 
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TABLE 4 


Thyroid secretion rate of several species 


anhiai 

BODY WEIOBT 

THYBOID SE- 
CRETION 
RATE, Mg. 
d, 1 THYROX- 
INE EQUIV./ 
DAY 

DAILY THY- 
ROID SECRE- 
TION RATE, 
Mg.d.l THY- 
ROXINE 
EQUIV./lOO 
CM. B.W./ 
DAY 

TEMPERATURE 



Mr. 

Mr. 

“F. 

White Leghorn cockerels (13) 

343.0 gram 

7.55 

i 2.20 

82-86 


1536.0 gram 

25.00 

1 1.36 

82-86 

White Leghorn laying hens 

1965.8 gram 

11.85 

0.60 

January 

(16) 





White Plymouth Rock cock- 

410.0 gram 

8.10 

1.98 

82-86 

erels (13) 

1502.0 gram 

23.00 

1.53 

82-86 

White Plymouth Rock pullets 

360.0 gram 

8.75 

2.43 

82-86 

(13) 

1637.0 gram 

26.00 

1.59 

82-86 

Growing goats (13) 





males and females 

10.0 kgm. 

180.00 

1.80 

50-80 probable range 

females 

20.4 kgm. 

640.00 

3.13 

50-80 probable range 

females 

34.5 kgm. 

930.00 

2.70 

50-80 probable range 

Lactating goats (13) 





(milk yield 1.8 Ibs./day) 

43.5 kgm. 

1000.00 

2.29 

50-80 probable range 

(milk yield 2.6 Ibs./day) 

43.5 kgm. 

1425.00 

3.44 

50-80 probable range 

Calf (13) 

i 72.6 kgm. 

1500.00 

2.06 

50-80 probable range 

Cow (lactating) (13) 

454.0 kgm. 

10,000.00 

2.20 

50-80 probable range 

Male rats (8) 

85.2 gram 

3.10 

3.64 

78 


275.7 gram 

9.54 

3.46 

78 

Female rats (8) 

81.1 gram 

3.75 

4.63 

78 


266.2 gram 

7.51 

2.82 

78 

Pregnant rats (8) 

190.8 gram 

5.59 

2.93 

78 

Lactating rats (8) 

209.1 gram 

6.48 

3.10 

78 

Growing mice 

14.8 gram 

1.36 

9.20 

80 

Mature male mice 

22.5 gram 

0.54 

2.40 

80 


23.6 gram 

0.17 

0.70 

87 

Mature female mice 

19.9 gram 

1.09 

5.50 

80 


21.4 gram 

0.68 

3.20 

87 


mice secrete four times as much thyroid hormone as the chick and twice as much 
as the growing female rat. 
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SUMMARY 

The thyroid glands of young mice averaging 14.8 grams at five weeks of age 
produced the equivalent of 9.2 /ig. of d,l-thyroxine per 100 grams body weight 
per day. No sex differences were observed. 

Mature male mice kept at an average of 80°F. produced the equivalent of 2.4 
jug. of d, 1-thyroxine per 100 grams body weight per day, and mature females 
secreted 5.5 /xg- 

At higher temperatures averaging 87°F., mature males secreted the equivalent 
of 0.7 jug. of d, 1-thyroxine per 100 grams body weight per day and the females 
3.2 jug. 

From the results of these studies it has been shown that physiological and 
environmental conditions affect the thyroid secretion rate in mice. 
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In other publications (Green and Biu’seron, 1 ;B()l)b and Green, 2) it was estab- 
lished that shock due to compression t rauma increases in s('\'erity' as the environ- 
mental temperature is elevated, and decretises within limits as the environmental 
temperature is lowered. The fu-esent study was designed to determine the rel- 
ative part played by the environmental tem|)eratur(‘ through its influence (a) 
on the body temperature and (h) on the temperature of the traumatized tissues. 

Methods, llandom mongrel dogs w ere anesthetized by a subcutaneous in- 
jection of 2 mgm. per kgm. of morphim* followanl in 1 to 2 liours liy an intravenous 
injection of 20 mgm. per kgm. of sodium pentobarbital -. AMiile some' of the ani- 
mals received additional sodium pentobarbital during tlie fii’st part of tlu' period 
of compression, none of tliem received any medication aftei’ the first 4 hours. 
Food was withheld for 20 hours preceding and for 30 hours Ib’iowing the begin- 
ning of the experiment. Water was withheld for 30 hours, iieginning with the 
onset of anesthesia. 

All animals were traumatized by w iapping botli hind legs w ith a tightly drawm 
continuous spiral of rubber tubing from the ankle to th(‘ groin (3). This pro- 
cedure produced both crushing and ischemia of the muscles of t he hind legs. As 
soon as the compression tubes were in place the animals were i)laced on theii- side 
on animal boards in a constant temperature room. The>' remained in the I’oom 
for 48 hours or until death. 

The period of compression w as 6 hours and during this time the temperature of 
the hind legs was controlled by circulating w ater through a second set of rul)ber 
tubes wrapped outside tlie compression tubes. Tlie body temperatre was con- 
trolled by varying the temperature of the constant temperature i*oom. After 
removal of the compression tubes, the animals were allow^ed to move about freely 
in cages in the constant temperature room. The rectal temperature, the temper- 
ature of the traumatized tissues, and the room temperature were rec;orded by 
means of iron constantan needle thermocouples, using a Leeds and Northrup 
micromax recorder. 

The volume of each hind leg w^as measured by immersing the leg in a tall, cyl- 
indrical chamber filled with water before applying the compression tubes and 

^ Aided by Grant no. 643 from the Council on Pharmacy and Chemistry of the American 
Medical Association. 

* The sodium pentobarbital used in these experiments was supplied through the courtesy 
of the Premo Pharmaceutical Laboratories, 443 Broadway, New York City. 
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again after death, or in tlie case of survival, after 48 hours. The difference in 
these two readings is recorded as the local edema, the figure in the tables being 
the sum of the edema in the two legs. 

Results. Three groups were studied as indicated in table 1. Group I, the 
control group, consisted of 9 dogs. The average environmental temperature was 
32.6®C., and the hind limbs were maintained at approximately 38®C. Group II 
consisted of 10 dogs, studied at a lowered environmental temperature (approx- 
imately 20°C.) but with the temperarure of the traumatized tissues approximately 
the same as the control group. Group III consisted of 8 dogs for which the 
average environmental temperature was approximately the same as the control 
group (32.8°C.), but in which the traumatized limbs were maintained at alowered 
temperature (average 24.1®C.). 

Table 1 records the results of the experiment. There were no indefinite sur- 
vivals, defined as those animals that lived for longer than 48 hours, in group I ; the 
average time of survival was 6.2 hours. Group II had a 10 per cent indefinite 
survival. The remaining dogs^ average survival time was twice that of the con- 
trol group. Group III had a 25 per cent indefinite survival and the average for 
the remaining animals was 2.4 times that of the control group. 


TABLE 1 


CROUP 

HIKD LEO TCUP. 

rc.) 

ENVIRON. TEMP. 

rc.) 

RECTAL TEMP. 

rc.) 

NO. 

DOCS 

NO. 

SURV. 

SURV. (HRS.) 

EDBMA (ML./KOM.) 

Range 

Av. 

Range 

Av. 

Range 

Av. 

Range 

Av. 

Range 

Av. 

I 

38.6-39.0 

37.8 

30.0-35.0 

32.6 

37.0-42.0 

40.3 

9 

0 

2.5-17.8 

6.2 

8.9-36.8 

22.3 

II 

36.0-38.5 

37.6 

19.0-20.0 

19.7 

30.5-37.0 

34.1 

10 

1 

2.0-32.0 

12.4 

15.4-48.2 

27.1 

III 

21.5-26.5 

24.1 

32.5-33.0 

32.8 

34.5-40.0 

37.9 

8 

2 

6.1-24.6 

14.9 

-0:2-39.1 

15.0 


The local edema in the control group averaged 22.3; in group II, 27.1 ; and in 
group III, 15.0 ml./kgm. The minus value in one case represented a decrease 
in limb volume possibly because the amount of edema produced was not suffi- 
cient to overcome the compression of the tissues caused by the wrappings. 

Discussion. Table 2 is the result of a statistical analysis of the data presented 
in table 1. The t test and the Fisher tables of probability for this test were used. 
Comparison of the survival times of groups I and II show’s a probability slightly 
above the critical value of 5 per cent that such a difference might be exceeded by 
chance. We, nevertheless, believe this difference to be statistically significant, 
particularly in view of the one indefinite survival in group II. The computation 
of the t value did not include this dog. 

Comparison of the survival times of the animals in group I with those of the 
animals of group III which did not survive shows that the probability of obtaining 
a difference greater than this by chance is between 1 and 2 per cent. This indir 
cates a high degree of significance, particularly^ in view of the 2 additional animals 
which survived indefinitely. 

Comparison of the amounts of edema in groups I and II and I and III shows that 
the differences in average edema are not significant. 
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These experiments confirm the earlier studies in which it was demonstrated 
that placing the whole animals in a cool environment increased the chances of 
indefinite survival and prolonged the hours of survival of those that died and 
shows that the earlier results were in all likelihood due to the combined effect of 
the cool environment on the body of the animal, as well as on the traumatized 
tissues. 

It is not possible, on the basis of these results, to give an}^ explanation as to the 
mechanisms involved in the favorable response to cooling. It is quite probable 
that the greater survival of group II, as compared with group I, may have been 
due to diminishing the amount of loss of water from the body by evaporation, to 
facilitating the maintenance of cutaneous-vasoconstriction, and/or to diminish- 
ing the metabolic demands on the circulation. In previously published experi- 
ments it was shown that the metabolic activity of dogs is decreased by approx- 



imately 10 per cent for each degree lowering of body temperature (3). During 
the period after release of compression, the average rectal temperature in group 
II was approximately 7 degrees less than that of group I. On this basis it might 
be postulated that the metabolic demands in group II would be approximately 
60 per cent of those in group I. A part of the greater survival might be attributed 
to this. The edema in the legs was certainly not less and, if anything, was greater 
in group II than in group I, We may conclude that the animals did not survive 
longer because of lessening of the edema in the traumatized tissues and, in fact, 
survived better despite some tendency for greater local edema formation. 

The greater survival in group III as compared with group I is probably due to 
the occurrence of a lesser degree of edema in the traumatized tissues. However, 
since the difference in edema in the two groups is not statistically significant, one 
may postulate that other factors also played a part. These experiments give no 
evidence as to what these other factors may be. 
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SUMMARY 

A cool environment, which lowers the body temperature, aad cooling of trau- 
matized tissues while maintaining the body in a warm environmental temperature, 
both increase the survival of dogs subjected to ischemic compression trauma of 
their hind extremities. The improved survival cannot be explained on the basis 
of changes in local edema at the site of the trauma. 
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In previous studies (1, 2) it was observed that dogs traumatized by a six hour 
period of ischemic compression showed shorter survival and more severe shock 
when anesthetized and cross-transfused with test dogs than when anesthetized 
alone for similar intervals of time. One possible factor in the increased severity 
is the heparin used to prevent coagulation of the blood during the cross-trans- 
fusion. 

1 his paper is the report of a study designed to detei’mine the effects of heparin 
upon ischemic compression shock (2). The study was initiated also because of 
the appearance in the current literature of reports that frostbite (3) and incipient 
gangrene (4), as well as other (conditions often associated with trauma, Avere being 
treated by the use of heparin. 

Phe low toxicaty of heparin has beem frecjiumtly descrilied in the literature 
(5, 6), but apparently no observations have been made on animals in traumatic 
shock. 

Methods. The procedures used in these experiments were essentially the 
same as those described in the paper by Lipton, Denison, and Green (8). 

A cannula was placed in the external jugular A^in of each dog to faccilitate in- 
jection. Five hours after wi-apping, 2.5 mgm./kgm. of heparin-^^ in saline were 
injected intravenously into the test dog. This was followed by 0.5 mgm./kgm. 
every half-hour fori) additional doses. The control dog received physiologic saline 
in volume equal in ml./kgm. to the volume of the heparin solution. 

Results. Ihe survival times and temperatures in the various experiments are 
tabulated in table 1 . The survival time of all dogs kept at (mvironmental temper- 
atures ab(3ve 30 degrees centigrade never exceeded 6 hours'^. The aA^erage survi- 
val Avas 3.5 hours. N o difference in survival was noticed between the heparinized 
and the non-heparinized animals. 

Longer survivals Avere noted in the animals kept at loAcer environmental tem- 
perature, but again no differences Avere noted betAveen the heparinized and non- 
heparinized animals. 

Complete gross autopsies Avere performed on all animals. Submucosal hem- 

1 Supiwrted by Grant no. 576 from the Council on Pharmacy and Chemistry of the Ameri- 
can Medical Association. 

* The sodium {)entobarbital used in these experiments was supplied through the courtesy 
of the Premo Pharmaceutical Laboratories, Inc., 443 Broadway, New York 13, N. Y. 

* The heparin was kindly supplied by Lederle Laboratories Division, American Cyan- 
amide Company, Pearl River, New York. 

* A total of 22 dogs in this form of shock have been studied. In every case the dog 
survived six hours or less. 
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orrhages ia the duodenum and upper jejunum; pulmonary edema; and increased 
interstitial fluid with blanching of the muscles of the wr^ped extremities were 
seen in most of the dogs. No differences were noted between the heparinized 
and non-heparinized animals, nor between those dying at high or those at low 
environmental temperatures. 


TABLE 1 


dog: b— bxpaxxmued, 

O— CONTEOL 

WStOHT 

AV. BECTAL 
TEMP, 

AV. KOOM 
TEMP. 

SUEVXVAL 

TIKE 

OlfPEBlMCS IM 
SUmVIVAE H — C 


kgm. 

•c. 

•c. 

hrs. 

krs. 

H— 1 

6.0 

40.5 

33.2 

1.7 

+0.2 

C—1 

3.9 

38.4 

33.2 

1.5 


H— 2 

4.5 

39.7 

32.2 

3.0 

+0.2 

C— 2 

6.6 

37.0 

32.2 

2.8 


H— 3 

4.1 

35.1 

24.1 

9.1 

-3.6 

C~3 

4.8 

35.2 

24.1 

12.7 


H— 4 

5.0 

28.9 

19.9 

22.2 

+ 15.0 

C-4 

6.1 

32.2 

19.9 

7.2 


H— 5 

6.1 

30.5 

19.8 

29.3 

+ 11.5 

C--^5 

5.4 

29.2 

19.7 

17.8 ! 


H— 6 

6.6 

31.4 

22.3 

28.0 

-1.0 

C-6 

7.0 

36.1 

22.3 

29.0 


H— 7 

7.4 

39.1 

28.0 

12.7 

-15.8 

C— 7 

4.4 

38.3 

27.8 

28.5 


H— 8 

5.1 

35.4 

31.1 

5.5 

-0.5 

C~8 

6.6 

34.0 

31.1 

6.0 


H— 9 

5.2 

36.1 

30.5 

3.0 

-0.3 

C-9 

7.7 

37.0 

30.5 

3.3 


Average H 

5.6 

. 35.2 

26.8 

12.7 

+0.6 

C 

5.8 

35.3 

26.8 

12.1 



The differences in survival times were not statistically significant. In this case; 


- ?•* ■ 0.12 which gives a probability > 0.9 (7). 

. /s(X, - 'x,)« + S(X. - Xi)« . . / 1 1 \ 

y (N. - 1) + (N. - 1) ^\N. 

CONCLUSION 

Heparin given in repeated doses over a hour period in amounts sufficient to 
render the blood completely non-coagulable has no discernible effect upon the 
survival or upon the severity of the shock due to a preceding six hour period of 
ischemic compression of the hind extremities of anesthetized dogs. 
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In 1954 Goldblatt and his group demonstrated that hypertension was con- 
sistently produced by constricting the renal arteries of dogs (1). This hyper- 
tension was, at least initially, due to a vasopressor substance produced by the 
ischemic kidneys (Houssay and Fasciolo, 1937; Houssay and Taquini, 1938 (2)). 
It was further demonstrated by Goldblatt and Kahn (3) that constriction of the 
aorta above the kidneys produced hypertension which was also attributed to 
renal ischemia. The hypertension in either case appeared within a few minutes 
after the production of the ischemia (Enger, Linder and Sarre, 1938 (2)). 

From this point it was apparently reasoned that the pressor substance is prob- 
ably also produced when the mean arterial pressure falls markedly, as in shock, 
and the blood supply to all organs, including the kidneys, is decreased. Several 
groups of investigators sought and reported such a renal vasopressor substance 
in hemorrhagic shock (4, 5). Observing capillaries Zweifach and co-workers 
reported increased vasomotion, due to a substance traceable to the kidney (6) in 
certain phases of hemorrhagic (7) and tourniquet (8) shock. Using hemorrhagic 
shock it was observed by Hamilton and Collins and by Bahnson that in the dog 
(9, 10) and rat (11) the mean arterial pressure was better maintained and the 
survival period longer (rat) in the sham-operated than in nephrectomized ani- 
mals. These findings led to rather widespread speculation on the importance of 
renal compensation in shock. 

The experiments reported here were designed to test the importance of renal 
compensation in ischemic compression shock. 

Methods. Mongrel dogs, weighing 4 to 16 kgm., were anesthetized with an 
initial subcutaneous injection of 5mgm./kgm. of morphine sulfate followed in a 
half-hour by an intravenous injection of 35 mgm./kgm. of sodium pentobarbital. ^ 
Subsequent small doses (3.5 mgm./kgm.) were given to keep the dog quiet. 
However, pone was necessary after removal of the compression. They were 
traumatized by wrapping the hind legs very tightly with rubber tubing for 6 hours 
as previously described by Green, Dworkin, Antos and Bergeron (12). 

The dogs were traumatized in pairs and placed side-by-side in a constant tem- 
perature room which was kept within range of 2 to 3 degrees for each pair of dogs. 
From other experiments (13) it was known that with environmental temperatures 
above 30 animals in shock as produced above could be expected to die in six 

^ Aided by a grant from the Ella Sachs Plotz Foundation. 

* The sodium pentobarbital was kindly supplied by Premo Pharmaceutical Laboratories, 
Inc., 443 Broadway, New York 13, N. Y. 
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hours or less. Since mean arterial pressure readings were desired for the duration 
of the animal’s life, temperature ranges between 28°C. and 33°C. were selected. 

A cannula for recording the mean ‘arterial pressure by mercury manometer was 
inserted into a carotid artery of each dog. One milliliter of a solution containing 
50mgm./ml. of heparin placed in the cannula and adjacent tube provided ex- 
cellent control of clotting^. In the hour preceding removal of the compression, 
the kidneys were freed and vessels dissected in both dogs. Ligatures were 



Fig. 1. Average mean arterial pressure of surviving dogs. Zero line represents t he time 
at which compression was removed from the legs. The time to the left of the zero line 
represents the last | hour of compression when the operative procedures were done. The 
numbers show the number of sham-operated and ncphrectomized animals alive at each 
point. The figure in parentheses is the Fisher “t” value comparing the averages of the 
mean arterial pressures of the surviving nephrectomized animals with those of the surviving 
sham-operated dogs. 

tightly tied around (or hemostats applied to) the renal pedicles in the test animals 
while in the sham-operated a loose ligature was placed about the pedicles. 

Results. Effect of nephrectomy on mean arterial pressure. The average of the 
mean arterial pressures of the survivors of each group of dogs is plotted in figure 1. 
During the period of ischemic compre.ssion the mean arterial blood pressures 
were usually between 150 and 180 mm.; the arterial pressures of both groups be- 
gan to fall in the hour prior to removal of compression presumably due to the 
trauma of nephrectomy, sham-operation and cannulation. The average fall in 

®The heparin was supplied through the courtesy of Lederle Laboratories Division, 
Cyanamide Company, Pearl River, N. Y. 
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pressure in the first quarter hour on removal of the compression averaged 48 
mm. for the eleven nephrectomized dogs and 60 mm. for the eleven sham-operated 

TABLE 1 

Comparison of the mean arterial pressure of pairs 


TIME IN HOtmS 


PAIX NUMBEE 

i 

1 

0 

i 

1 

+1 

+U 

+2 

+24 

+3 

FI -28 

-18 

-12 

0 

+2 

+6 

+36 

+28 

+ 12 

+74* 

F2 -10 

-14 

+6 

-4 

+6 

+ 14 

t 

t 

t 

t 

F3 

-12 

-4 

-10 

+6 

+ 16 

+20 

+ 12 

+24 

+24 

F4 


0 

-24 

-20 

+ 10 

-4 

0 

t 

t 

F5 +56 

+46 

+28 

+8 

0 

+4 

-54* 

t 

t 

t 

F6 


+6 

+8 

+22 

+38 

+56 

+56* 

+54* 1 

+46* 

F7 


+52 

-10 

-16 

+22 

-38 

-50* 

-50* 

-50* 

F8 +6 

-18 

+8 

-6 

-38 

-92* 

-80* 

-84* 

-76* 

-70* 

F9 -60 

+26 

+36 

0 

+4 

-20 

-56* 

-64* 

-71* 

-75* 

FIO 

+52 

-23 

0 

+20 

+46 

+38 

+34 

+32 

+ 14 

Fll +16 

+32 

+82 

+70 

+80 

+96* 

+86* 

+86* 

+80* 

+64* 


All pairs 


Average 

-3 

+ 12 

+14 

+4 

+6 

+ 13 

+0.2 

+2 

0 

+3 


39.7 

30.2 

30.1 

23.9 

30.4 

39.0 

56.6 

56.9 

59.9 

60.2 

n 

(deg. freedom).. . . 

0.20 

(5) 

1.11 

(7) 

1.53 

(10) 

0.55 

(10) 

0.65 

(10) 

1.10 

(10) 

0.01 

(9) 

0.10 

(8) 

0.0 

(7) 

0.14 

(7) 


Living pairs only 


Average 

-3 

+12 : 

+ 14 

+4 

+6 

+ 15 

+ 18 

+ 18 

+23 

-19 



39.7 

30.2 

30.1 

23.9 

30.4 

19.3 

34.1 

15.5 1 

10.0 

7.1 

t 

(deg. freedom).. . . 

0.20 

(5) 

1.11 

(7) 

1.53 

(10) 

0.55 

(10) 

0.65 

(10) 

2.32 

(8) 

1.27 

(5) 

2.32 

(3) 

3.98 

(2) 

3.72 

(1) 

Probability 


0.05 

0.2-0. 3 

0.1 

0.05-0.1 

0. 1-0.2 


These figures are the mean arterial pressures of the nephrectomissed animals subtracted 
from the meaii arterial pressures of the sham -operated dogs. 

* One of this pair was dead. Therefore, its mean arterial pressure was zero, 
t Both of pair were dead. 

t Calculated:* = ^ 1 ; d “ the figures in the above table; 

d “ average difference. 

dogs. In the period of shock after release of the compression tubes the surviving 
dogs of the sham-operated group had an average pressure sustained from 2 mm. 
to 14 mm. higher than the nephrectomized. However, on statistical analysis, 



r6li: of kidney in ischemic compression shock 


703 


using Fisher s t test, the differences are not significant at the 5 per cent level 
at any point. 

Table 1 is an analysis of the mean arterial pressures of the individual pairs of 
dogs. Here there was only one statisitically significant average difference be- 
tween the nephrectomized and sham-operated dogs (at 1 hr.). 

Effect of nephrectomy on survival. Although there was great variability 
(-4.2 to +5.1 hrs.) in the difference of survival times of any pair of dogs the 
average difference is zero. The average surviv'al for each group is exactly the 
same, 3.2 hours (table 2). 

Discussion. The results of the.se experiments appear to conflict with the 
results obtained by various investigators cited previou.sly. However, in this 
case ischemic compression shock ivas u.sed, while Hamilton and Collins and 
Bahnson used hemorrhagic shock. It is possible that the difference in the 


TABLE 2 

Survival time in hours 


PAIR 

NEPHRECTOMIZED 

SHAM-OPERATE 

DUTFERENCE 

FIO 

4.3 

8.5 

-4.2 

F6 

1.5 

4.6 

-3. 1 

Fll 

0.7 

3.5 

-2.8 

FI 

2.9 

5.4 

-2.5 

F3 

3.2 

4.3 

-1.1 

F2 

1.5 

1.6 

-0.1 

F4 

2.3 

2.4 

-0.1 

F5 

2.0 

1.2 

-hO.8 

F7 

4.6 

1.5 

H-3.1 

F8 

5.6 

0.7 

4-4.9 

F9 

6.2 

1.1 

4-5.1 

Average 

3.2 

3.2 

0 


average mean arterial pressures of the two groups of animals may conceivably be 
due to a renal vasopressor substance. The small degree of this difference may be 
attributable to the fact that shock produced by ischemic compression is more 
severe in some ways than that produced by hemorrhage. Tor example, with 
extensive damage to small vessels such as produced in traumatic compression, 
the arterial pressure, if sustaned at higher levels, may lead to greater fluid loss 
than in the animals with a lower arterial pressure. 

CONCLUSION 

These experiments suggest that, while the presence of the kidne^^s in trau- 
matized animals may produce a slightly higher mean arterial pressure during the 
period of ischemic compression shock, the overall survival time is not changed. 
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Skeletal muscle when deprived of its motor nerve supply exhibits certain 
functional characteristics which differ from those of normal muscle (1). The 
nature and degree of difference depend somewhat upon the particular muscle 
and the species under consideration. The functional changes include the con- 
stant presence of fibrillary activity, an increased sensitivity to potassium, adren- 
alin and acetylcholine, a change in the strength-duration characteristics of 
excitation and a contracture response to both dorsal root stimulation and intra- 
venous injections of acetylcholine. Changes in blood flow, temperature and 
duration of contraction and relaxation have also been noted in skeletal muscle 
following denervation (2, 3). However, such observations have suffered from 
a lack of quantitative data and have led to inconsistent conclusions. The 
purpose of the present study was to investigate the nature, extent and causal 
relationships of the changes in blood flow, temperature and duration of periods 
of contraction and relaxation in skeletal muscle at various intervals after de- 
nervation. 

Methods. All experiments were carried out on adult dogs. Denervation 
was accomplished under ether anesthesia by sectioning the sciatic nerve at the 
level of the trochanter and by cutting the femoral nerve just below the ligament of 
Poupart. The unoperated contralateral limb served as a control. Muscle tem- 
peratures were measured at various times after denervation by inserting into the 
belly of the gastrocnemius muscle an iron-cons tan tan junction thermocouple, 
soldered into a number 20 hypodermic needle. The temperature was calculated 
from the e.m.f. registered by a Leeds and Northrup potentiometer. 

Measurements were made of temperatures in the denervated gastrocnemii at 
various times after operation and compared with those in their unoperated 
contralateral controls. In addition, the efficiency of the temperature regulating 
mechanism in denervated limbs was compared with that in normal limbs. This 
was done by recording the temperature difference between normal and denervated 
muscle while the animals were in an environment of 25°C. and --2°C. 

In order to compare the effect of application of heat to normal and denervated 
muscle short-wave diathermy (15-25 megacycles) was applied to both the control 
and denervated gastrocnemii of 29 animals. Care was exercised to insure uni- 
form technique; the manner of application, dosage intensity and duration of 
application were the same for both normal and denervated limbs. One group of 
11 dogs was treated for 15 minutes with a machine dosage of 1500 m.a. and another 

1 Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
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group of 18 animals was treated with a machine dosage of 2^ in.a. The muscle 
temperatures were taken both before and immediately after diathermy treat- 

” The effects of denervation upon the contraction and relaxation times of the 
gastrocnemius muscle were determined in studies on 8 dogs, each having been 
Objected to a denervation of one hind limb as described previously Studies 
were also made on the muscles both before and after treatments with diathermy 
The animals were placed in a supine position with both legs firmly supported at 
the knees and the toes were attached to recording stylii with the aid of cord ^d 
pulleys. Adequate break shocks from an inductorium were delivered to the 
muscles through needle electrodes, one in the Achilles tendon and the other near 
the origin of the muscle. The isotonic twitch responses of the experimental and 
contralateral control muscles were recorded on a rapidly inoving "ymograp 
simultaneously with the vibrations of a 100 d.v. electrically-driven tuning fork. 
Ordinates were constructed on the graphs and the time interval of each phase w'as 

read in 0.01 second limits. x 

Measurements of blood flow were made by means of a bubble-flow meter as 
described by Dumke and Schmidt (4). Simultaneous bilateral measurements of 
blood flow were made in most experiments, one in the femoral artery of the de- 
nervated limb and the other in the artery of its non-denervated control. Ihe 
measurements were made with the animals under nembutal anesthesia and with 
the use of heparin as an anticoagulant. Care was taken to insure the mainte- 
nance of blood fluidity by additional injections of heparin. The cannulae were 
inserted as high as possible in the femoral artery and were matched within narrow 
limits of internal diameters and interchanged at random to ruk out consistent 
effects of occlusion of the lumen of the artery. In all cases sufficient time was 
allowed before taking blood flow measurements to obviate ischemic effects which 
might have resulted from the unavoidable circulatory interruptions during 
cannulation. For the purpose of studying the immediate effects of denervation 
on blood flow, the nerves were exposed but not cut until after measurements had 

been made of the control blood flow in that limb. 

Results. The experimental results of the studies on the temperature char- 
acteristics of denervated and control muscles are summarized in table 1 . 1 hese 

include studies made on 27 animals during the first 3 days fo lowing denervation 
and during a later period of 14 to 50 days after operation. In every case it was 
found that 'the temperature of denervated muscle was significantly lower tha 
that of its contralateral control. This was true both for the studies made early 
and for those made late after denervation. Differences between the temperatures 
of control and experimental muscles were also present m animals which had bee 
kept at an environmental temperature of -2°C. for 2 hours. In the experi e 
conducted in the cold environment both denervated and control muscles exhib- 
ited a fall in tempei-ature, but the change was more pronounced m the case of 
the former. It appears that normal muscle, while undergoing a significant drop 
in temperature in the colder environment, was better able to compensate for a 
lowered environmental temperature than was the denervated muscle. In 
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table 1 are summarized the data from studies on 11 dogs relative to the heating 
effects of diathermy on normal and denervated muscle. These data show that 
the heating effect is greater in the denervated muscle than in the normal muscle. 
This was true for two different dosages of diathermy. The lighter dosage, 
applied for 15 minutes, was insufficient to produce a significant rise in the tem- 

TABLE 1 

Average values with standard deviations for the effects of denervation 


on muscle temperature 


EXPERIMENTAL CONDITION 

CONTROL 

DENERVATED 

DIFFERENCE* 

During first 3 days after denervation 

“C. 

“C. 

“C. 

39.28 ±0.743 

38.54 ±0.866 

-0.74 ±0.350 
t = 6.03 

During 14-50 days after denervation 

38.76 ±0.4.58 

38.07 ±0.707 

-0.69 ±0.020 
t = 7.95 

Animals kept at 25°C 

39.30 ±0.74 

38.5 ±0.99 

-0.70 ±0.35 
t = 6.04 

Animals kept for 2 hours at - 2°C 

38.60 ±0.78 

36.60 ±1.47 

-1.90 ±1.63 
t = 7.57 

Before diathermy 

38.9 ±0.54 

38.2 ±0.66 

-0.70 

After diathermy at 1500 m.a. 

39.1 ±0.47 

39.6 ±0.54 

+0.50 

Before diathermy 

38.7 ±0.50 

38.1 ±0.74 

-0.60 

After diathermy at 2000 m.a.. . . 

40.2 ±0.70 

40.8 ±1.03 

+0.60 


* Increment of temperature in denervated muscle. 


TABLE 2 

Effect of denervation on the contraction and relaxation times of the 
gastrocnemius m uscle 


EXPERIMENTAL CONDITION 

MUSCLE 

TEMPERATURE 

CONTRACTION TIME 

RELAXATION TIME 

TOTAL TWITCH 
TIME 

Unoperated control 

°c. 

38.6 ±0.47 
38.3 ±0.47 

sec. 

0.057 ±0.005 
0.073 ±0.015 

sec. 

0.086 ±0.025 
0.121 ±0.025 

sec. 

0.143 ±0.004 
0.194 ±0.031 

Denervated 

Denervated and 

diathermy 

40.9 ±0.54 

0.057 ±0.0059 

0.078 ±0.0156 

0.135 ±0.0169 



perature of control muscle but it caused a significant increase in the temperature 
of denervated muscle. The larger dosage, applied for 15 minutes, caused signifi- 
cant increases in temperature of both denervated and control muscle, but the 
increase was greater in the denervated muscle than in the control. 

The data concerning the effects of denervation on the contraction and relax- 
ation times of the gastrocnemius muscle of 8 dogs are summarized in table 2. It 
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was shown that the durations of the periods of contraction and relaxation were 
significantly prolonged following denervation. Elevation of muscle temperature 
by means of diathermy treatments was accompanied by a shortenmg o con- 
traction and relaxation times in denervated muscle. These studies offer evidence 
contrary to the view that the slower response of denervated muscle is due m a 
large measure to its lower temperature, since it was found necessary to rai^ the 
temperature of denervated muscle by as much as four times its degi^ of subnor- 
mality before the duration of the periods of contraction and relaxation approxi- 
mated those found in contralateral control muscle. 

TABLE 3 

Efecl of donation on blood flow. The flow in femoral artery of denervated limb is 


NUMBEK 

DAYS AITEE 
denekvation 

deneevatei 

CONTKOL 



per cent 

1 

0 

192 

2 

0 

241 

3 

0 

144 

4 

0 

180 

5 

0 

189 

Mean 


189 

1 

3 

151 

2 

3 

93 

3 

5 

141 

4 

5 

91 

5 

7 

64 

6 

8 

120 

7 

9 

96 

8 

9 

105 

9 

12 

102 

10 

18 

97 

11 

19 

131 

12 

21 

74 

Mean 


105 


1 

2 

3 

4 
6 
6 

7 

8 

Mean. 


days atte* 
demeevation 


27 

27 

28 
29 
31 
45 
50 
52 


CONTEOL 


P0r cent 
72 
60 
69 
82 
96 
74 
59 


76 


The data from bilateral blood flow studies at various times after 
denervation are summarized in table 3. The studies were made on differe^ 
onimak at three periods of time after denervation. The observations designated 
as “immediate” were made at various times within the first 2 
of both the sciatic and femoral nerves and show that the average ^ ^ow m the 
femoral artery was almost doubled following denervation. ^ ejiei^ 
made in the period of 3 to 21 days subsequent to denervation, 6 showed a greater 
rate of flow in the control limb and 6 showed a greater flow^rate in the denervated 
"1 In the group studied during the period or27 to 52 days after denervation, 
all cases showed a lesser flow in the denervated than in the control limb. 
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Discussion. The results of these studies were consistent in showing that 
denervation was followed by changes in the temperature, in the blood flow and 
in the contraction and relaxation times of the muscles of the limb. In general, 
denervation of a limb resulted in a subnormal muscle temperature, which was 
apparent soon after denervation and which persisted for the full period of observa- 
tion. An increased blood flow rate was noted immediately after denervation; 
but, as the period of time subsequent to denervation was extended, the flow rate 
tended to return' to normal limits. Further extensions of the period of denerva- 
tion were accompanied by greatly reduced blood flow rates in the denervated 
limbs, the decreased blood flow being paralleled by a decreased muscle weight. 
There were no indications that the blood supply in the denervated limbs was in- 
sufficient for the general metabolic needs of the muscle under conditions of the 
demands put upon it. 

The mechanism of the subnormal temperature in the denervated limb is 
obscure. In these experiments the areas tested had been deprived of both so- 
matic and autonomic innervation. The loss of heat production resulting from 
absence of tone and of contraction must be considered as a factor along with 
changes in the circulatory pattern regulating the distribution, dissipation and 
conservation of heat. This view is supported by the fact that animals placed in 
a cold environment showed a greater decrease in temperature in the denervated 
limb than in the normal limb. Moreover, essentially the same difference in 
temperature was found between denervated and normal muscle during periods 
in which blood flow measurements showed widely unrelated blood flow rates. 
These findings suggest that a lowered metabolic rate and heat production, unre- 
lated to blood supply, may be an important factor contributing to the subnormal 
temperature in denervated muscle. In this connection it is interesting to point 
out that standard doses of diathermy, applied separately to denervated and normal 
limbs, caused a consistently greater increase in temperature in the denervated 
muscles than in the control muscles. This unequal heating effect of diathermy 
was also noted in periods wherein blood flow measurements showed widely diver- 
gent values. 

The mechanical response of denervated muscle to single induction shocks 
showed that the response time was extended in denervated muscle. The relaxa- 
tion time was prolonged relatively more than the contraction time, but this pro- 
longation did not compare in magnitude with that observed by others (2) in 
denervated muscle wherein the muscle was activated by longer periods of stimulii 
and the responses resembled a form of tetanus from repetitive discharges. 
Doupe (3) concluded that the sluggish respon.se of denervated muscle was due in 
a large measure to its subnormal temperature. However, in the present studies, 
temperature differences would account for only a small part of the prolongation 
of response, since it was necessary to elevate the temperature of denervated 
muscle by approximately four times its degree of subnormality before response 
times were within the range of those for control muscle. These observations lead 
to the conclusion that the over-all mechanical response of denervated muscle is 
inherently slower than that of normal muscle even when both the stimuli pattern 
and the temperature are the same. 
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It is well to point out the limitations of the technique used to measure blood 
flow rates before attempting any analysis of the effects of denervation upon the 
circulatory pattern. The bubble-flow meter permitted observations to be made 
only upon the flow rate in the femoral artery, alone, and did not give any in- 
formation concerning blood flow in vessels supplied by other arteries in the limb. 
It was not possible to deduce the state of blood flow in bone, connective tissue, 
muscle and other specialized regions supplied by the artery. Moreover, it is 
recognised that the procedures required general anesthesia, the use of heparin as 
an anti-coagulant and the sectioning and cannulation of the artery itself. These 
conditions in themselves certainly affect blood flow rates in the vessels concerned ; 
it could only be assumed that such factors affected denervated and control 
limbs to the same degree and in the same direction. 

The increase in blood flow rate which occurred immediately upon the section- 
ing of the nerve supply of the limbs can be ascribed to loss of vasomotor control. 

• The gradual return of blood flow rates to within normal control limits was com- 
pleted too early to be ascribed to re-innervation of the limb. The decrease in 
blood flow rates to subnormal levels in more extended periods of denervation 
could not be ascribed to lowered temperatures in the muscles for two reasons: 
first, that blood flow rates in the denervated limbs could not be returned to nor- 
mal by raising the muscle temperature to normal and above-normal levels by 
means of diathermy and other thermogenic agents; second, that such subnormal 
temperatures in denervated muscle were established early in the post-denervated 
periods, during which all observations indicated an elevated blood flow rate. 

The time of onset of the reduced blood flow is in accord with the eflects postu- 
lated by the law of denervation, wherein an increased peripheral resistance 
may result from the response of sensitized structures in the denervated vessels 
to epinephrin and other vasoconstricting agents. Another factor which must be 
considered is that of a decrease in vasodilatation stimulii mechanisms associated 
with a lowered metabolic level in the atrophic muscles. It is of some signifi- 
cance that the decreased blood flow noted in the extended periods of denervation 
were commensurate with the degree of muscle atrophy existing in each animal 
at the time of blood flow measurement. The magnitude of the reduction in blowl 
flow was not such as to suggest that ischemic states exist in the tissues of the 

denervated limb. , ^ . w ai 

In view of the paucity of information concerning the factors regulating the 

production of heat in tissues by means of diathermy, it is hazardous to venture 
an opinion as to why diathermy consistently produced a greater temperature 
rise in denervated muscle than in normal muscle. It has been pointed out that 
such unequal heating effects cannot logically be explained totally in terms of a 
decreased dissipation of heat by reduced blood flow', because it was found im- 
possible to correlate the blood flow pattern at various post-denervated periods 
with inequalities of heating in denervated and normal limbs. It appears more 
probable that the altered chemical and physical states in denervated muscles 
caused them to react differently to the th^mogenic properties of diathermy. 
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SUMMARY 

1. Studies were carried out on dogs concerning the effects of denervation upon 
blood flow, temperature characteristics and contraction and relaxation times of 
the gastrocnemius muscle. Phe observations were made at various times after 
denervation and the imoperated contralateral limb served as a control. 

2. Denervation was followed by an immediate increase in })lood flow through 
the femoral artery, the flow returning to normal after several days of denervation. 
More extended periods of denervation resulted in subnormal l)lood flow values 
wl)ich appeared to ])ai’allel the extent of muscle atroph\\ 

3. Denervated musck's exhibited a subnormal tem|)ei*ature and res})onded to 
diathermy with tempcu’at ure increases greater than those observed in normal 
muscle. 

1. The twitcli resi)()nsc of denervated muscle to induction shocks was slower 
than that of control muscle. This was due only in part to its subnormal tem- 
p(‘rature. 

The subnormal temperature, increased susceptibility to diatlieu’my and the 
sluggisli r(‘sponse of mus(‘le at various timt's after denervation did not appear 
to be related to changes in blood flow. 
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The present concept of the carotid sinus mechanism has changed but little 
since the early work of Tiering (1) and Heymans (2, 3). It is generally agreed that 
the vagus plays the major role in cardiac restraint arising from the carotid sinus 
pressoi'eceptors and that the sympatlieti(‘ accelerators are involved to a lesser but 
definite degree. On the other hand, the depressor response to carotid sinus stim- 
ulation is largely effected through the activit.y of the sympathetic system. 

The elusive (juestion which remains, however, is how the vagi and sympatheGcs 
interact in time se(|uen( 5 e in reflex control of the cardiac rate by the carotid sinus. 
Indeed, the exact mechanism by which the vagus is controlled in the reflex re- 
sponse of the heart is not (dear. 

Despite the fact that in vagotomized animals the vasomotor efiect is still elicit- 
able, the manner and extent of vagal involvement in this response is vague. It 
was with the clarification of theses problems in mind that the jiresent work was un- 
dertaken. . , , , , 

Methods. Forty experiments were carried out on healthy mongrel dogs rang- 
ing in weight from 5 to 18 kgm. They were anesthetized with nembutal (85 mgm. 
per kgm.) given intraperitoneally. The carotid sinus was st imulated by a sudden 
increase of pressure within the sinus, maintained for a period ol -15 .seconds. 

The common carotid arteries were exposinl at the level of the cricoid cartilage. 
The int ernal carotid, occipital, external carotid, and lingual branches, and any 
small aberrant arteries were ligated (4). Through a cannula iiism'ted into tlie 
common carotid artery, a concentrated solution of hemostatic globulin' was in- 
jected into the isolated sinus to priKliicc (‘mbolization ol the fine vessels. Alter 
a few minutes, the large clot in the cannula was washed out, and the cannula was 
connected to a prcsssurc bottle filled with physiological saline. 

A sudden increase of the intrasinual pressure was obtained by unclamping the 
connecting tube from the pre.ssure bottle, which could be previously pumped to 
any given level up to 250 mm. Hg. These changes in the intrasinual pressure 
were recorded by a critically damped bellows manometer in parallel circuit with 

the sinus pressure tubing. i i <• 

The cardiovascular response to carotid sinus distention was recorded ivom t le 
femoral artery with a mercury manometer. The heart rate as registered on t le 
kymograph was verified frecpiently by counting of the heart beat. 

’ This work was aided by a grant from the Josiah Macy, Jr. Foundation. 

A preliminary report of this work appeared in Fed. Proc. 6: 222, 1947. 

3 Bemostatie globulin was kindly supplied by the Tederle Laboratories, Inc. 
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Experiments performed on the completely sympatliectomized dogs were carried 
out approximately (i to 8 weeks after surgical removal of the sympathetic chains 
(5). I he procedure used for excising the aortic depressor nerves was that de- 
scribed by Koch (6). The nerve is indentified as a small branch of the vago- 
sympathetic trunk, which can be separated for about 1 to 2 cm. before it joins with 
the superior laryngeal nerve; in the region of the carotid bifurcation. On several 
occasions in oui (experience, such a branc'h was not iiidentifiablc*. Under such cir- 
cumstances, the motor part of the vagus was identified by electrical stimulation 
and all other fibers were cut. The latter procedure was termed “vagal deaffer- 
entation’\ 

Kesults. 1 o obtain a marked vagal bradycardia, it is css(;ntial to raise the; 
intrasinual pressure v(‘iy suddenly, l^y increasing the pressure in a step-wise 
mannei, th(‘ \'agal bradycardia is not cUarly (‘vick^nt. liiis is intei'esting, c^s- 
})ecialh^ sinc(‘ the extent of the clepr(‘ssor response^ is not appreciably altc'red Avith 
cliff ('rent rates of prc'ssure change. 11ie optimal intrasinual pressure rise for a 
maximal I’esponse in the h('art and vascular syst('m is 200 to 220 mm. Hg; no 
further reduction in lu'art mtc' or blood pressure is ol)tMiii('(l when the pr(;ssure is 
increased b(;yond this lange. In all experiments performed in the present series, 
intrasinual pressures of the order of 240 mm. Hg were used to insure maximal 
stimulation. 

1. \ agal and sympathclic bradycardia. Ijike all physiological phenomena, the 
carotid sinus cardiovascular response is of variable degree froiii animal to animal. 
The 4 characteristic types of response, presented in figiu'i; 1, w('ie sc'lected accord- 
ing to the duration and magnitude of the A agal component obseiAa'd during the 
45 seconds of sustained sinus distention. In 19 experiments in which both sinuses 
were stimulated, appi-oximately 10 per cent showed type I response, 35 per cent 
type II, 15 pel* cent ty])(‘ ITT, and 40 p(‘r cent type I\^ 

With th(' elimination of the vagus, slowing of th(' heart on sinus distention is 
gr(;atly ii'duced (table 1). Tlie onset of bradycardia is no longer immediately 
apparent . llowe\T‘i’, the sympathetic (*omponent plays an increasingly greatc'r 
rolc' and accounts lor most, if not all, of the cardiac slowing in the thii’d 15 second 
period of sinus stimulation. Tlie maximum s^mipathetic slowing, about 20 per 
cent of the control heart rate, compares favorably with the results of Winder (7), 
Avith th(' exception that in tlu* pi*esent sei’ies this A^alue remains unchanged during 
artificial respiration. 

2. \ ayal bradycardia iti funclmnally sympatheclmnized animals. Tlie (question 
as to AA’hether the marked vagal sloAving following sinus distention is dependent 
upon the concomitant change in the sympathetic activity luus not been satisfacto- 
lily answ*(‘j*ed. Our ('Xfieriments were pei*formed on ihivo types of animals Avith 
the sympathetic nervous functions excluded: a, chronic sympathectomy (fig. 2); 
b, acute Ioav cervical coi*d transection (fig. 3), and c, under the influence of a sym- 
pathicolytic drug, dihydroergotamine (D. H. E. 45)^ (fig. 4). 4Te procedures 
employed in ex(*luding the sympathetic function by cord transection and by in- 
jecti(jn of a sympathicolytic drug, though they involve more than simple elimina- 

Dihydroergotamino, D. II. E. 45, was kindly supplied by Sandoz Chemical Works, Inc. 
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Fig. 1. Four chiiract eristic normal cardiovascular responses to simultaneous bilateral 
carotid sinus distention. Blood r)ressure level is indic^aled on the left. Intrasmual pres- 
sures are marked on the descending limb in each record. Time in 15 se(H)nds. Type I— 
very marked, prolonged bradycardia; type Il-transient marked bradycardia; typo Ill- 
momentary vagal block followed by moderate bradycardia; type IV— moderate bradycardia. 


TABLE 1 

(^omi ayii^(yn of the cardiac shun tig following carotid sinus distent ion in normal 
and ragotornized dogs 


(kjinbiiHMl (type 1) 

Sympatlietic (after vagotomy) 
Vagal 

Combined (type II) 

Sympathetic (after vagotomy) 
Vagal 

('ombined (type III) 

Sympathetic (after vagotomy) 
Vagal 

Combined (type IV) 

Sympathetic (after vagotomy) 
V agal 


FIRST 15 SECONDS | THIRD 15 SECONDS 

-67% 

-9% -23% 

-mo 

i 

-48% -2:)':;, 

- 7 % 

-41%. j -1% 

-42%, -12% 

-13% 

- Wo 

- 21 % - 11 % 

— 5% — 1 

-16% 2%, 


tion of the sympathetic nervous structures, have the advantage that co itrol re- 
sponses can be obtained immediately before these procedures are carried out. The 
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results oi these experiments, in whi(;h cardiac slowing is only under vagal control®, 
are summarized in table 2. From these data, it can be si^en that sympathetic ex- 
clusion does not interfere with the initiation of the sino-vagal i*esponse. On elimi- 



Fig. 2. Four variotios of vagal bradycardia on bilateral .sinus distonlion in chronic syni- 
pallH'ctoinizcd dogs, ('oinpao' with the vagal cornponenl of the responses in figure 1. 



tig. d. ( oinpar.son of tlie r(*sponses to bilateral sinus dist(‘ntion l)efore and after S])inal 
transection at (^s- The sino-vagal bradycardia after cord section is larger and more pro- 
longed t han l)(‘fore. 


nation of the late sympatludic slowing of the heart, tlie vagal (‘ffect pt'rsisted in 
most cases during tlu' tliird 15 second period of the sustained sinus distention 
(table 2) 

^ The cardiac slowing in funct ionally sympathectornized animals is pundy vagal, since 
following vagotomy stimulation oi the sinus produces no change of luairt rate despite in- 
hibition of the respiration (fig. 5). 
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3. Vagal dmfferenlatiun and the sino-vagal hradrjcardia. Tt- has been shown that 
vagal bradycardia disappears rapidly in spite of continued sinus distention (fig. 1 
and tabic 1 ) . After surgical exclusion of the vagal afferents sinus stimulation pro- 
duces a marked effect not only in potentiating but also in prolonging the vagal 
cardiac slowing (fig. 4). In a dog in which the aortic depressor nerves were ex- 
cluded three weeks previously, the heart showed an escape phenomenon strikingly 


T.4HT.K 2 

Vagal cardiac slowirig following carotid sinus distention in functionally 
sympathecl omized doyfi 


; 

FIRST 15 SECONDS 

THIRD 15 SECONDS 

In synipathect omized dogs 

(1) 

(2) 

-40';;, 

~:m'r 

-24% 

-14%, 


(3 ) 

-23% ! 

0% 


(4 ) 

-27% 1 

-4%, 

In high spinal dogs 

(1) 

(2) 

-41'’c 
i -3GC;, 

1 -15%, 

-1H%:, 

In dogs with D.H.E. 4.5 

(1) 

1 -m, 

: -i6%> 

(2) 

i -25'’;. 

1 -13%: 


(3) 

-2A% 

i -16%, 





t'ig 4. Effect of D. H. E. 45 (dihydrocrgoliuniiie) and vagal deafforotd ation on tlie sino- 
vagal bradycardia. Left : control cardiovascular re.spons<* lo liilatcral sinus di.stcntioin 
(’enter: after intravenous injection of D. H. E. 45 (0.5 mgm. per kgn..), b->tc the mtcnsifaed 
and prolonged bradycardia. Right : after bilateral vagal deafferental ion. 1 he bradycardia 
is further intensified. 


similar to thflt occurring after stimulation of the peripheral vagal trunk (hg. (i). 
This .serves to emphasize the fact that despite elimination of the important coriect- 
ing influence of the aortic depressor nerve on the heart rate, some vagal adaptation 


still occurs. 

4 BilaUral vagoUrmy and the sinus depressor respond. 1 he depressor response 
to sinus distention is sometimes enhanced and at other times lessened when the 
vagal trunk is cut bilaterally. However, if the motor component of the vagus is 
alone excluded, either by surgery or by atropinization (fig. 7), not only is a smaller 
depressor response obtained but its onset is also more gradual. On additional 
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exclusion of the vagal afiereiits, the depressor response to sinus distention Ix'cornes 
definitely intensified (fig. 7). 

l)is(’i ssiON. In (‘xp(‘rinients on carotid sinus r(‘flex(‘s chloralose has come to be 
the prett‘rred anesthesia, because iioth pressure and cluMiiie'al reflexes appear to ])(‘ 
more active with this than with othei* narcotics (3). HowewxM*, Wang and Xirns 
(8) have recently found that in cats the n^spiratory response* te) CH )2 is depresseel 
as greatly by chloralose as by nembutal. It is oiu' e‘xpen iene*e in the* stuely of the 
e*arotiel sinus careliovase*ular re^flex that nernliutal is a satisfactory anesthef ic. On 



Fig. 5. CV>mp](‘t(* of cardiovascular response on l)ilatcral sinus distention after 

vagotomy in a sympiil lr*ct oinized dog. Note* ll)f‘ inhibition of r(*spiratorv variat ions in 
record on right. 



Fig. (3. Coin])arison of vagal aiiaptation on bilateral sinus distemtion with “vagal (‘scai)e’’ 
(record on right ), in jui animal with chronic aortic depressor nerva* section. 


bilateral sinus elistention in a noi*mal nemibutalizeel elog, w e ha\T' obtaineel a maxi- 
mum reductiem of heart i-ate as much as (>7 pe‘r cent e)f the* e*ontrol rate* and on 
se'veral e)ce*asions a reelue*tion of bloeiel pressure as much as 150 mm. Ilg. Ne'mbu- 
tal has, besieles, the furt her aelvantage eif giving a steady anesthesia which is essen- 
tial in obtaining e*e)nsistent re*sponse's te) repetiteel stimulatieHi e)f the* sinus witli 
w ith identical pressures. 

Many w orkers have e*he)sen te) perfuse the sinus with e)xygenated ble)e)el. How- 
ever, WT* have le)unel that the sinus presse)ree*eptors are very resistant to aimxia, 
since with physiological saline as the perfusion fluid, our carettid sinus preparations 
have given marked and reproducible responses feir a perioel e)f at le*ast 3 liours. It 
is therefore consielered unnee*essary te) use a meire e*omplie*ated technie*. 
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The importance of an adequate stimulus as regards both its temporal and spatial 
values should be stressed. The sharp vagal response seen immediately following 
distention is rare, except when the stimulus is of an intense and sudden natiire, 
and applied simultaneously to both sinuses. It is this type of stmaulus that has 
enabled us to analyze the carotid sinus reflex for both vagal and sympathetic 

of vagal and. sympalhelic bradycardia. Hering .(l) observed 
that the cardiac reflex is of more sudden onset than the vasomotor reflex and tha 
it is much more poorly maintained. Our experiments confirm this observation 
It can lx; further stated of the heart reflex (table 1) that a, the combined effect of 
vagal and sympathetic components is always greatest during the early moments 
of the stimulation period; f>, the vagus accounts for mostoftheslowmg immediately 
following stimulation; and c, the onset of decreased sympathetic activity is slow 
but accounts for most of the cardiac slowing as .stimulation persists. Our Imd- 



Fig 7. Effect of successive exclusion of the motor and afferent vagal influences on the 
.lepressor response to bilateral sinus distention. Artificial respiration, ^el • cj nil lo- 
snLse to bilateral sinus distention. Center; after intravenous injection of .3.0 mg m. of a ro 
r o exelude the parasympathetic efferents. Note the slower onset and diminished 
Ilepressor response. Right: after bilateral vagotomy. Additional elimination of the vagal 
affLents (aortic depressor nerve) enhances the sinus depressor response and .'auses the 
vasomotor adaptation to disappear. 

ings substantiate further the evidence for the reciprocal activity of the vagus and 
sympathetic cardiac accelerators (9) in response to changing sinus pre.ssure, sym- 
pathetic function becoming dominant as the vagal influence wanes. 

Depemknee of vagal domng mi tlw. ™ sympalhelic depressor response, lo 
what extent is vagal slowing dependent upon its association with the sympathe ic 
depressor effect to which it is so closely bound in the usual response to stimu a- 
tion of the carotid sinus pressoreceptors? This question has not yet been 
answered satisfactorily since there is no clear cut experiment described m the 
literature which completely separates the reflex vaga an J , 

nections. That the blood flow through the brain is not involved has been shown 
by Heymans (3) who demonstrated by crossed circulation experiments that vari- 
ation of the cerebral blood flow is not a factor in producing the reflex vagal effect. 
We found that the vagal cardiac response immediately followmg bilateral sinu 
distention, in all types of functionally ^pathectomized animals used, was as 
marked as that elicited in the intact animal. It is clear then that the initiation 


CAROTID SINUS CARDIOVASCULAR REFLP^X MECHANISM 


719 


of the sino-vagal bradycardia is quite independent of changes in the sympathetic 
activity. Furthermore, our data indicate that in functionally sympathectomized 
animals vagal slowing is much prolonged (table 2). This is in contrast to the 
more transient nature of vagal bradycardia obtained on sustained sinus stimula- 
tion in the majority of the experiments on dogs with intact .sympathetics (table 1). 
This observation is interesting in view of the following discussion on the impor- 
tance of the aortic depre.ssor impulses in the sinus vagal adaptation . 

M flchanism. of mlaplalion of the mio-vagal bradycardia, d'he pooi-ly maintained 
sino-vagal bradycardia has been previously reported by Hei ing (1) and also by 
Schneyer (10). Their observations were confirmed in the experiments in which 
we lound that vagal bradycardia rarely i)ersi.sted beyond the first 15 seconds of 
.sustained sinus distention. The rapid disappeararu* of the vagal caixliac i-eflex 
is generally termed adaptation. It may be due either to one, (a* to a combina- 
tion of two or more of the 4 mechanisms: a, a pi-operty of the sinus piessore- 
ceptors; b, the aortic depressor nerve buffer mechanism; c, some process of adap- 
tation of the centers in the brain stem; and d, the natuie of the (Tfeefor organ 
the heart. 

Bronk and Stella (11) observed that the pressorecept oi\s in the carotid sinus 
aie oi the type that shows little adaptation. Further, if it ^^'ere assunu'd that 
the transient nature ol the vagal response could be accounted for l)y tlu* small 
amount of adaptation in the pressoreceptors alone, it would follow that th(‘ sym- 
pathetic inhibitory effect on the blood pressure should also o.xhibit an eciually 
marked adaptation, which ordinarily is not seen. Indeed, in cont rast to t h(' difli- 
culty in obtaining a clear cut vagal bradycardia, the sympathetic depi’essor nv 
sponse is of the same magnitude whether the pressure within the sinus is raised 
suddenly oi* slowly. However, it is possible that the slight adaptation of the 
receptor organs may play a role in the rapid disappearance of the vagal brady- 
cardia. 

Ihe idea that the aortic arch buffer mechanism is i-esponsibk' for vagal adapta- 
tion has received wide attention (O, 10). In animals with sympathetics function- 
ally excluded, there appears to be a prolonged vagal effect following sinus stimu- 
lation (table 2). This finding may be explained l)y the fact that following 
functional sympathectomy the sympathetic depressor rc'sponse to sinus stimula- 
tion is absent (see fig. 2), thereby eliminating in large part th(‘ stimulus to the re- 
ceptors of the aortic depressor nerve. This sino-vagal bradycardia is lurtlKU’ 
intensified if in addition the vagal afTerents are sectioned. But the fact remains 
that in all instancjes after deafiferentation of the vagus, sinus vagal slowing still 
shows a considerable degree of adaptation. This suggests that the process of 
adaptation may in part be central. In support of this, Bronk et al. (12) observed 
a return of sympathetic discharge during continued stimulation of sinus presso- 
receptors. d hey believe that this is partly a central phenomenon, sirn^e va- 
gotomy (excjlusion ol depressor fibers) does not prevent the return of sympathetic! 
discharge, but only prolongs the inhibition. However, as far as the sinus vagal 
reflex is concerned, it is important to note that the heart itself may escape the 
vagal restraining influence and show normal or ectopic rhythms. Figure 0 
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shows a (!l()S(? resemblance between the bradycardia resulting from direct vagal 
stimulation and that obtained by distention of the sinuses in a dog in which the 
aortic depressor nerves were excluded previously. Further substantiation of the 
fact that the effector organ may play a role in adaptation of the vagal reflex is 
made by several experiments in which the type III response (fig. 1) was obtained; 
exclusion of the vagal affercnts did not prolong the bradycardia on sinus stimula- 
tion. In one of thc.se animals, stimulation of the peripheral vagus gave no strong 
vagal block, thus indicating that the failure in maintaining the sinus cardiac re- 
flex may be related to the familiar yet unexplained phenomenon of “vagal es- 

capo”. F 

Effect of vaijotomy on the siniis dcjnvssor response. If has long been known that 

the depressor respon.se in the carotid sinus reflex is eftected through an inhibition 
of the sympathetic sy.stem. The effect, of vagal impulses upon this depressor 
response is not clear. Indeed, the influence of bilateral vagotomy on the carotid 
sinus depressor respon.se is a varied one, apparently due to the fact that in va- 
gotomy both the motor and afferent components are severed, lixcliision ot the 
parasympathetic vagal component alone results, on sinus stimulation, in a de- 
pressor response that is of gradual onset and not as marked as in the norma . 
The difference can be explained by the absence of marked cardiac slowing which 
contributes also to the fall of the blood pressure. On the other hand, the effect 
of vagal deafferentation is to intensify the sinus depressor reflex. In addition, it 
decreases but does not eliminate, in most cases, the small adaptation of the de- 
pressor response whicdi occurs after 30 seconds of continued sinus stimulation. 
Thus, the end result after complete vagotomy depends on the balance which 
exists between the.se two vagal components, the afferent and efferent. 

SUMMAltV AND CONCLUSIONS 

Experiments were carried out on dogs anesthetized with nembutal, in which 
the carotid sinus was vasciilarly isolated and stimulated with a sudden increase 

of pressure. . i t- ii 

Vagal activity as shown by cardiac slowing is mo.st marked immediately follow- 
ing sinus distention; the bradycardia due to sympathetic inhibition, on the other 
hand, appears slowly and becomes the major restraining influence as the vagal 
effect diminishes. Our experiments demonstrate clearly that the vagal and sym- 
pathetic tonic activities respond to changing sinus pressure in a reciprocal manner 
but that the dominance of each of these influences on the effector makes its ap- 
pearance in a different phase of time sequence. We have demonstrated also 
that the Vagal cardiac .slowing is a discrete response and that it is not dependent 
on the sympathetic depression which normally invariably occurs in the sinus 

cardiovascular reflex. .. .. • 

Evidence has been presented to show that the rapid disappearance of the smo- 
vagal bradycardia is due not only to the buffering effect of the aortic depressor 
nerve^s^ut also to a property of the effector organ, the phenomenon of vagal 

escape”. , . i a v « 

It has been shown that there exists a balance, in the sinus depressor reflex, be- 
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( ween the afferent and efferent vagal influenctes; elimination of the former en- 
hances the response, whereas exclusion of the latter lessens it. 


Ihe authors wish to thank Dr. Walter S. Root for invaluable criticism of the 
manuscript. 


JiEFERENCKS 

(1) IIerino, H. K. Dio Karotissinusreflexe auf Horz und (;ofass(>. Dros(J(‘ii und Leipzig, 

T. Stoinkopff, 1927. 

(2) Heymans, (k Lo Sinus Carol idien. Paris, Lcs Prossos IJnivorsitairos do F'raii 'o, 1929. 
(d) Heymans, (k, .1. J. Houckaekt and P. ItEONiERs. Lo Sinus (’arotidion. Paris, (1. 

Doin ot Cio., 1933. 

(4) iMoisse.ieff, E. Ztschr. f. d. oxpor. Mod. 63 : G9(), 1927. 

Ut) (\\NNUN, W. B., H. F. Newton, E. M. Brkjiit, \'. Menkin and B. M. Moore. This 
Journal 89 : S4, 1929. 

(G) Kocii, E. Dio rofloktorisoho Solbstcnioruno; dos Kroislaufc's. Drosdon und Loipzi^, T. 
StoinkoplT, 1931. 

(7) Winder, C. V. This Journal 124 : 421, 193<S. 

(5) WAN(i, S. C. and L. F. Nims. In preparation. 

(9) Hosenhlueth, a. and N. E. Freeman. This Journal 98 : 430, 1931. 

(10) ScHNEYER, K. Zts('hr. f. Kroislaufforsoh. 27 : 217, 1935. 

(11) Bronk, D. W. and (J. Stella. This Journal 110 : 708, 1935. 

(12) Bronk, D. W., L. K. Ferci .son and D. Solandt. Proo. Soo. Exi)or. Biol, and Mod. 

31 : 579, 1934. 


DECUSSATION OF THE PATHWAYS IN THE CAROTID SINUS 
CARDIOVASCULAR REFLEX: AN EXAMPLE OF THE 
PRINCIPLE OF CONVERGENCE! 

S. C. WANG AND HERBERT L. BORISON 

From, the Deparlmeni of Physiology of the College of Physicians and Surgeons, Columbia 
University y New York City 

Received for publication August 15, 1947 

In the past few years, investigators of the earotid sinus cardiovascular mecha- 
nism have produced much evidence in favor of the synergistic relationship be- 
tween the sympathetic and parasympathetic nervous systems (1). A study of 
the respective roles and the relative importance of these systems with reference 
to the carotid sinus reflexes has been reported recently from this laboratory (2). 
One asjxict of the problem which is in need of clarification is the question of decus- 
sation of the carotid sinus reflex pathways. Although the cro.s.sing of the vagal 
component has been the object of study by many workers, the re.sults are still 
controversial. On the other hand, decussation of the pathways of the .sinus va- 
somotor reflex has been clearly demonstrated, but the level of decussation has not 
been indicated. The present study was undertaken to investigate the decus- 
sation of these central pathways and their relation to the principle of convergence. 

Methods. In dogs anesthetized with nembutal the carotid sinus was ex- 
posed and stimulated according to the technic described in a previous paper (2). 
In brief, the sinus was isolated as a cul-de-sac and perfused with physiological 
saline. The stimulus was a sudden distention accompli.shcd by raising the per- 
perfusion pres.sure within the sinus from 0 to approximately 240 mm. Hg; this 
was recorded by a critically damped bellows manometer. The reflex cardiova.s- 
cular response was recorded from the femoral artery with a mercury manometer. 

For sympathectomies, the technic of Cannon et al. (3) was used. 

Results. Distention of the right carotid sinus usually produced more slowing 
of the heart and a greater fall in blood pressure than an equivalent distention of 
the left sinus (tables 1 and 2). In the first 15 seconds of simultaneous bilateral 
sinus stimulation the bradycardia was invariably greater tha,n the sum of the re- 
ductions in heart rate obtained on separate stimulation of right and left sinuses 
(table 1). On the other hand, the maximal vasomotor response to simultaneous 
distention of both sinuses was, as a rule, less than the sum of the responses ob- 
tained from stimulation of both sinuses separately (table 2). Indeed, in several 
experiments stimulation of both sinuses produced only a slightly greater de- 
pressor response than that of the right or the left sinus alOne. It is true, however, 
that when both sinuses were stimulated at the same time, the depressor response 
was usually more sustained. 

The question of crossing in the vagal cardiac reflex pathways has been studied 
upon chronically sympathectomized dogs^ for in these animals the complication 

* This work was aided by a grant from the Josiah Macy, Jr. Foundation. 
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of sympathetic involvement is eliminated. The results of a typical experiment 
are indicated in figure 1. The records show that after right vagotomy, stimula- 
tion of the right sinus produced a slight bradycardia; this showing disappeared 
following left vagotomy even though both sinuses were simultaneously distended. 
In the same animal after right vagotomy, a much greater slowing of the heart 
occurred when both sinuses were stimulated simultaneously than when they 
were stimulated separately (fig. 2). 

J[That the sinus vasomotor reflex pathways cross was demonstrated on dogs in 
which the sympathetic chains on one side had been previously removed. While 
the vasomotor depression was not very marked in these preparations, an equally 


TABLE 1 

Reduct ion oj the heart rate durinij the first 15 second period of sustained distention of the 
right sinus, the left sinus, and both sinuses 



CHANGE OF HEART RATE IN BEATS PER 15 SECONDS 

Right sinus 

Left sinus 

Both sinuses 

(1) 

-15 

-9 

-26 

( 2 ) 

-15 

-4 

-25 

( 3 ) 

-17 

-10 

-29 

( 4 ) 

-13 

-2 

-19 

( 5 ) 

-10 

-6 

-17 


TABLE 2 

Maximal fall of the mean blood pressure in response to sustained distention of the right 
sinus, the left sinus, and both sinuses 


MAXIMAL DROP IN BLOOD PRESSURE IN MM. Hg 



Right sinus 

Left sinus 

Both sinuses 

( 1 ) 

-80 

-70 

-130 

( 2 ) 

-95 

-90 

-120 

( 3 ) 

-80 

-60 

-no 

( 4 ) 

-80 

-80 

-120 

( 5 ) 

-75 

-55 

-90 


good response was obtained from either sinus (fig. 3). Decerebration did not 
alter the reflex vasomotor response in any appreciable manner (fig. 4). After 
acute hemisection of the spinal cord at C 2 , distention of the sinus on the side of 
the cord lesion was much less effective in producing a fall in blood pressure than 
was distention of the sinus of the other side. The results of such an experiment 
are illustrated in figure 3, in which it is seen in a right hemisympathectomized 
dog that whereas both sinuses were equally effective in producing a depressor 
response before cord section, only a very small response was elicited from the 
right sinus after right cord hemisection at the level of C 2 . 

Discussion. One controversial question concerned with the carotid sinus 
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Tig. 3. RfTect of hemisoctioii ot the spinal (';()rd at on the sinus depressor response in 
a hcrnisyinpathectoinized dog. Atropine, 3 mgm. I. V. Uj)por: control depressor responses 
on right and left sinus disf ention. Lower: responses ol)tained after heriisection of the spinal 
cord on the left side. Note the markedly decreased response on distention of the left sinus 



Fig. 4. Effect of midbrain decerebration on the sinus depressor response in two dogs with 
left hemisympathectomy. Note that the sinus depressor response remains largely un- 
affected. 
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pathways occurred, the sympathectomized, unilaterally vagotomized dog would 
show the same cardiac slowing whether the sinus opposite to the side of vagotomy 
were distended alone, or both sinuses distended simultaneously. The fact that 
there is a greater slowing when both sinuses are stimulated together indicates 
clearly that there is a definite crossed vagal component. However, it should be 
pointed out that it is not possible to determine from this type of experiment 
whether the crossing occurs in the afferent or in the efferent limb of the reflex arc. 

In contrast to the controversial opinion as regards the sinus vagal reflex path- 
ways, there has not been any question as to the bilateral nature of the s;^pa- 
thetic response to distention of a single sinus. By vacuum tube recording of 
impulses in one of the small sympathetic accelerator nerves in the cat, Bronk 
et al: (7) have demonstrated that distention of either sinus produces inhibition of 
the sympathetic impulses to the heart. The fact that in our experiments dis- 
tention of a single sinus produces almost as marked a fall in blood pressure as dis- 
tention of both sinuses suggests an extensive synaptic overlapping of the central 
pathways of , the sinus depressor reflex arc. This is proved with certainty by 
experiments on hemisympathectomized dogs in which stimulation of either sinus 
produces a depressor response. The problem that remains is to determine the 
level of decussation of the sinus vasomotor pathways within the central nervous 
system. 

It has long been known that the carotid sinus reflex is mediated at the mye- 
lencephalic level. However, there is no evidence to indicate that in the intact 
animal, the diencephalon does not influence the sinus depressor response. For 
our purpose of studying decussation, therefore, it is essential first to exclude the 
rostral structures as one of the sources of decussation, since there is considerable 
evidence to show that the descending pathways from the hypothalamus cross at 
the diencephalic level (8, 9). The evidence that in a hemisympathectomized 
dog the sinus depressor response is not appreciably modified following midbrain 
decerebration indicates at least that sympathetic decussation rostral to the me- 
dulla oblongata is not essential for the crossed vasomotor response (fig. 4). 
The fact that in a hemisympathectomized dog, hemisection of the spinal cord at 
C 2 markedly affects the depressor response of the sinus on the same side as the 
cord hemisection (fig. 3) suggests further that the major part of the decussation 
occurs at a level bedow C 2 . This is in conformity with the earlier findings of one 
of us (9) that sympathetic decussation, as demonstrated by direct stimulation of 
the myelencephalon, occurs in the spinal cord. The question as to how much 
decussation occurs in the medulla can not be positively answered, since there yet 
remains some response to sinus stimulation on the side of cord hemisection. 

In the course of our study on the problem of decussation, we have noted a very 
interesting phenomenon, heretofore not described for the central autonomic ner- 
vous system. It is perhaps identical with that which Sherrington (10) has 
demonstrated in his studies of the reflex activities of the spinal cord. The over- 
lapping synaptic innervation of one neurone by a number of fibers is known as 
the principle of convergence. The consequent manifestation of this convergence 
is either facilitation or occlusion. It has been observed in the present work that 
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the bradycardia following bilateral sinus distention is invariably greater than the 
sum of the reductions in heart rate obtained from the two sinuses distended sepa- 
rately (table 1). It is difficult to assume, nevertheless, that the phenomenon of 
facilitation definitely occurs in view of the complication of the crossed sinc^vagal 
response and of the bradycardia resulting from sympathetic inhibition. In 
several of our sympathectomized, unilaterally vagotomized dogs, reduction of 
heart rate during the early period of bilateral sinus distention greatly exceeded 
the simple sum of the reductions of the heart rates obtained by separate stimula- 
ion. This is illustrated in figure 2, in a sympathectomized dog after right va- 
gotomy; the reduction of heart rate in the first 15 seconds of right sinus disten- 
tion is 2 beats, that of the left sinus is 3 beats, whereas that of both sinuses dis- 
tended simultaneously is 8 beats. Since in this experiment only one vagus is 
intact, the process of facilitation probably occurs in the myelencephalon. It 
appears from the above that while only a small cardiac response can be obtained 
by stimulation of the sinus on the vagotomized side, the afferent impulses from 
this sinus set up a considerable ^'zone of discharge'’ in a ‘'subliminal fringe” in 
the contralateral medulla, thereby causing on simultaneous stimulation of the 
remaining sinus, a greater summated response than can be obtained by simply 
adding the separate responses from each of the sinuses. It may be assumed that 
this phenomenon is similar to the facilitation that is seen in the spinal reflexes. 

The sinus depressor reflexes obtained in our experiments demonstrate the oc- 
clusion phenomenon. The fall in blood pressure which occurs on bilateral sinus 
distention is very much less than the sum of the individual vasomotor responses 
(table 2). Except for the fact that vasomotor depression involves an inhibitory 
process, the experimental information cited closely parallels the classical repre- 
sentation of the occlusion phenomenon in the spinal reflexes. Although Eccles 
(11) has shown that occlusion may occur also in a peripheral sympathetic gan- 
glion, this convergence phenomenon as demonstrated in the present experiments 
can only occur in the central nervous system since it is effected through the 
mechanism of active inhibition. 

SUMMARY AND CONCLUSIONS 

It has been shown that in the vagal cardiac response to carotid sinus distention 
there is a small crossed component. This was demonstrated in completely sym- 
pathectomized dogs in which the complication of bradycardia due to sympathetic 
inhibition was eliminated. 

The sinus vasomotor response, on the other hand, has a large crossed compo- 
nent. This decui§sation occurs mainly in the spinal cord. 

The principle of convergence has been demonstrated: facilitation in the case of 
the sinus vagal reflex and occlusion in the case of the sinus vasomotor reflex. 
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Rose, Stuckey, Mendel, and Cowgill have reported a marked increase in the 
hemoglobin value of the dog^s blood during water privation. They comment, 
“ . . . the results of the present study fail to support the contention that the 
organism possesses a great factor of safety with respect to fluid balance when it is 
deprived of water” (6, p. 138). Flemister has observed only a slight reduction in 
the plasma volume of the rabbit following dehydration effected by the intra- 
peritoneal administration of hypertonic solutions. He has remarked, “Plasma 
water volume was strikingly protected by the interstitial portion of available 
water under conditions of moderate and advanced dehydration and hydration” 
(2, p. 437). 

In the experiment here reported an evaluation was made of the volume change 
in plasma water attending rather severe water privation in the rat. A test of 
plasma specific gravity was employed as an index of this change. 

Method. The experiment used 20 male albino rats of the Sherman strain. 
Ages ranged from 118-140 days. The animals were maintained on an ad libitum 
regimen of Purina Laboratory Checkers. The laboratory room housing the 
animals was kept at a temperature of 70® to 75® Fahrenheit. Relative humidity 
fluctuated irregularly between 41 per cent and 54 per cent. In the determination 
of specific gravities, an Eimer and Amend falling drop apparatus was employed. 

To reduce emotional resistance, all animals were handled daily for several 
weeks prior to the experiment. Twelve rats were designated as an experimental 
group and were deprived of water for 48 hours. Ad lib. feeding was permitted 
this group during the privation interval. No measurements of food intake were 
made. Strominger (7) has shown that the food intake of the rat is greatly reduced 
in the absence of water. Gross observations indicated that our animals con- 
sumed very little food during the water privation interval. Immediately prior to 
privation, weights ranged from 195 grams to 274 grams with a mean value of 240 
grams. During privation a 12 per cent weight loss was suffered. The mean 
weight dropped to 212 grams. 

Ei^t other rats served as a control group. During the 48 hr. interval they 
were maintained on an ad lib. feeding and drinking schedule. The mean weight 
of this group rose from 259 grams to 262 grams. 

» This reaearch was supported in full by a grant from the Research Committee of the 
University of Alabama. The authors also wish to acknowledge the technical assistance of 
Dr. Dorothy A. Ehmke and the facilities of the Research Laboratory of Human Nutrition of 
the School of Home Economics, University, Alabama. 
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FoUowing the privation interval, a blood sample was obtained from each 
finimn.! by Way of heart puncture. Four hours before taking the blood sample, 
each -nimfll was heparinized.* An injection of approximately 450 units dissolved 
in § cc. of isotonic saline was given intraperitoneally. 

Surgical anesthesia was effected with nembutal. Fifteen milligrams in 5 cc. of 
physiological salt solution was administered intraperitoneally and 15 minu^’ 
action was permitted. With the disappearance of defence reflexes, an incision 
was made in the thoracic region, the ribs and diaphragm sectioned on the left 
side and the heart exposed.* Blood was withdrawn into a 10 ml. syringe through 
a i inch 20 gauge needle. The sample was discharged slowly into a Wintrobe 
tube which had been previously chilled and evaporated to dryness. Some 
hemolysis occurred during this operation. 

TABLE 1 


The effect of water privation on plasma specific gravity 


WATER-DEPKIVED ANIMALS 

CONTROL ANIMALS 

Rat no. 

Specific gravid 

Rat no. 

Specific gravity 

1 

1.0289 

1 

1.0281 

2 

1.0289 

2 

1.0249 

3 

1.0309 

3 

1.0253 

4 

1.0323 

4 

1.0258 

5 

1.0306 

5 

1.0255 

6 

1.0306 

6 

1.0269 

7 

1.0312 

7 

1.0260 

8 

1.0303 

8 

1.0273 

9 

1.0316 



10 

1.0320 



11 

1.0293 



12 

1.0327 




1.0308 

Mean 

1.0262 

Alean 

S,D 

4). 001276 

S.D 

0.001101 


Each tube was stoppered tightly and kept at approximately 5°C. until cen- 
trifugation. Precautions were taken to cleanse thoroughly the syringe and 
needle before each heart puncture. A final rinse of distilled water containing a 
small quantity of heparin (approximately 1575 units per liter) was used. All 
samples were centrifuged for h hour at 5000 r.p.m. The supernatant fluid was 
removed with a pipette to a clean, dry test tube and the specific gravity de- 
termined utilizing the falling drop method described by Barbour and 
Hamilton (1). 

• The preparation of the Connaught Laboratories was used (assay, 110 units per 

• This technique sacrifices the rat in the interest of obtaining a large blo^ sample. A 
largfe volume of blood is unnecessary for Specific gravity determinations. These samples 

were employed for other purposes as well. - 
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Results. The specific gravity of each plasma sample is presented in table 1. 
Means and standard deviations are also given. 

Discussion. From table 1, the mean specific gravity for the water-deprived 
animals is 1.0308. The mean value for the control animals is 1.0262. A con- 
sideration of the two distributions reveals no overlap, i.e., the lowest specific 
gravity obtained for a water-deprived animal is greater than the highest specific 
gravity obtained for a control animal. 

To determine the statistical significance of the difference between the two 
means, an analysis of variance was performed on the data (Snedecor, 6). The 
results are summarized in table 2. 

The ratio of between-group variance to within-group variance (F value) is 
67.76. An F value of 8.28 is significant at the one per cent level of confidence 
(Snedecor, 6, p. 223). Our obtained value greatly exceeds this figure. We can 
safely conclude that this difference did not arise by chance, i.e., the probabilities 
of obtaining such a difference by chance are considerably less than 0.01. 

This increase in plasma protein concentration following a 48 hour water pri- 
vation interval suggests a marked reduction in plasma water volume. Our 
results agree with the conclusions of Rose, Stucky, Mendel, and Cowgill (5) . 


TABLE 2 


SOURCE 

DEGREES OF FREEDOM: 

SUM OF SQUARES 

MEAN SQUARE 

Total 

19 

12,577.00 


Between groups 

1 

9,937.25 

9,937.25 

Within groups 

18 

2,639.75 

146.65 


Hamlin and Gregersen (3) obtained a plasma volume increase with the intra- 
venous injection of sodium pentobarbital in the cat. Similarly, Jarcho (4) has 
reported a decrease in plasma protein concentration in both the cat and the dog 
under influence of nembutal. He has inferred that hemodilution is effected by 
entering body fluids. Although phylogenetic differences in blood response to 
drugs is common, there exists the strong possibility that all of our plasma 
samples have been to some extent diluted by the action of the anesthesia em- 
ployed. That is to say, nembutal may exert an effect on the rat similar to that 
obtaining in the instance of the cat and the dog. For this reason the absolute 
specific gravities here reported have no essential validity. 

SUMMARY 

Specific gravity determinations were made upon the plasma samples of water- 
deprived rats and upon plasma samples of rats maintained on an ad libitum drink- 
ing regimen. The mean specific gravity of the former group was found to be 
significantly greater. It was concluded that a decrement in plasma water volume 
occurs during severe water privation in the rat. 


782 


P. S. SmGH^ 1. »• AMXANDaE AND H. L. ST0CK»T 
BEFmmCEB 

( 1 ) BAaBoxjB, H. G. AND W. F. HjjiiiiTaN. X Biol, Chem. •&! 625, 1926. 

(2) FiiBiiifl’Ms*# X». X Tto 

(8) HamuNj E. andM. I. Gb»o»b^. This Journal 125: 713, 1989. 

(4) Jabcho, L. W. Tiiw Journal JUS: 458, 1943. ^ ^ -«« 

(5) Eosb, W. B., C. J. Spockt, L. B. Mbndbl and G. K. Cowgirl. Thia Journal 95: 182, 

1981. 

(6) Snbmscor, G. W. Statiatioal methods. Ames, Collegiate Press, Inc., 1946. 

(7) SmoiONGSR, J. L. Yale J. Biol. Med. 19: 279, 1947. 
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From the literature on the metabolism of the failing mammalian heart the 
impression may be gained that myocardial failure is associated with a deficiency 
ih adenosine triphosphate (ATP) and phosphocreatine, the compounds which 
constitute the direct source and the nearest reservoir of chemical energy for 
muscular contraction. Thus, according to Cruikshank (1), the ratio of the phos- 
phate of phosphocreatine over inorganic phosphate is an index of the physiolog- 
ical state of the heart. This contention, however, is based on the behavior of 
hearts deprived of oxygen or nutrients and hence lacks validity as a general- 
ization. Herrmann and Decherd (2) and Myers (3), who observed losses in 
total creatine in failing human hearts, imply that the phosphocreatine content 
probably was correspondingly diminished. Accompanying losses in oxypurines 
and total acid-soluble purines have been accepted as a probable indication of a 
decrease in ATP (3, 4). On evidence present^ below, the assumption of a pro- 
portionality between total and phosphorylated creatine in cardiac muscle must be 
questioned. Whether the concentrations of total acid-soluble purines and of 
oxypurines are proportional to the concentration of ATP remains to be deter- 
mined. 

In view of the limitations of the above studies, it seemed desirable to examine 
the relation between cardiac function and energy-rich phosphate supply under 
conditions a, where the functional state of the heart could be described in quanti- 
tative terms; 6, where its content of labile phosphates could be determined di- 
rectly, and c, where there was reasonable assurance that adequate oxygenation 
and nutrition of the myocardium was not interfered with by non-experimental 
factors. The heart-lung preparation perfused with a large volume of blood was 
selected as a suitable test object. 

Methods. Cardiodynamic measurements. Healthy male and non-pregnant 
female dogs in the post-absorptive state, weighing between 8 and 12 kgm., were 
used. The Starling heart-lung preparation (HLP) was made with the animals 
under pentobarbital anesthesia. Lai^e dogs anesthetized with ether served as 
blood donors. The blood was defibrinated and used either immediately or 
stored at 2®C. for one to four days. Differences in the results attributable to the 
length of storage were not noticed. The total amount of circulating blood in the 
heart-lung system was about 900 cc. at the beginning of the experiments. Its 
temperature was kept constant at about 38®C. Arterial resistance was main- 
tained at 80 mm. mercury. The level of the blood in the venous supply reservoir 
(inflow level) was held constant at approximately 110 mm. above the opening of 

1 This Wdrk was supported by a grant from the Life Insurance Medical Research Fund- 
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the inferior vena cava, except for brief tests of myocardial competence described 
below. 

Myocardial failure either developed spontaneously after several hours or was 
induced by the administraticRi of one of a number of drugs with a negative ino- 
tropic action. These drugs were: the general anesthetics and anticonvulsants’ 
pentobarbital, chlorobutanol, paraldehyde, diphenylhydantoin, and propazone 
(5,6-di“n-propyl-oxazolidinedione-2,4); the local anesthetics procaine and tetra- 
caine; the antimalarial quinacrine; and the organic mercurial diuretic mersalyl. 
Preparations of competent hearts served as controls. 

The following measurements of cardiac and circulatory function were taken by 
methods previously described (5): systemic output, systemic arterial pressure, 
pulmonary arterial pressure, and, in a number of experiments, left atrial pressure. 
Right atrial pressure was measured with a water manometer connected to the 
inferior vena cava. Coronary sinus outflow was channeled into a Morawitz 
cannula and measured with a graduated tube and stop watch or with a Condon 
flowmeter. The value thus obtained was taken to be 60 per cent of the total 
coronary flow. , The heart rate was determined with a stop watch. The work per- 
formed by the heart was calculated from the systemic and pulmonary arterial 
pressures and the output of both ventricles, acceleration work being neglected. 
The reserve capacity of the heart for performing work, or, more specifically, its 
competence to take care of an increase in blood supply, was estimated according 
to I^yer (6) from the response of the right atrial pressure to an increase in the 
height of the inflow level. The results of these tests of cardiac competence have 
been expressed as the ^^competence index” (C.I.). This index is defined as 
follows: 

j _ increase in inflow level — increase in right atrial pressure 
* ' ” increase in inflow level 

It ranges from 0 for a fully incompetent heart to 1 for a fully competent heart. 
In the present expeiimenfS the increase in right atrial pressure (in millimeters 
water) was determined following an increase in the inflow level of 50 mm. Thus, 
the competence index was always computed: 

^ T- 50 increase in right atrial pressure 
C.I.-— ^ ^ — 

Ctikiiiicdl d^&rinincitions. Five minutes following the last competence test 
and imm^iately following the last set of the other measurements, a sample of heart 
muscle from the apical region of the left ventricle, weighing 3 to 5 grams, was 
taken for analysis. It was quickly severed with a sharp razor and dropped 
immediately into a Dewar flask filled to the rim with liquid nitrogen. Not more 
than one second elapsed between severance of the apical piece from the rest of 
the heart and inimersion in 

The completely frozen sample was rapidly weighed on a torsion balance and 
transf^d quickly inth a chilled porcelain-flftortar in which it was ground with 7 
to 8 volumes of ioe-cold 5 per cent trichloroacetic acid to a fine suspension. The 
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suspension was left standing for two minutes and the solid particles were filtered 
off on phosphate-free filter paper and washed with another 5 volumes of tri- 
chloroacetic acid. The filtrate was made just alkaline to phenolphthalein with 
a small volume of 8 N sodium hydroxide. This whole procedure was carried out 
in the cold room under ice cooling. 

The neutralized trichloroacetic acid filtrate was analyzed for total acid-soluble 
phosphate (TASP), free inorganic phosphate, the phosphate of phosphocreatine, 
and the labile phosphate of adenosine polyphosphate (APP). In hearts excised 
several minutes after death (7) and also in aerated heart muscle slices (8) the 
last-named phosphate fraction contains some adenosine diphosphate. In the 
fresh heart in sitUy on the other hand, probably all the detectable labile nucleotide 
phosphate is that of ATP (9). However, since this has not yet been shown to be 
the case also in the fresh isolated heart, the designation labile P of APP rather 
than labile P of ATP has been given to the easily hydrolyzable nucleotide phos- 
phate of the HLP hearts. 

The final determinations of phosphate in the orthoinorganic form were made 
simultaneously by the method of Fiske and Subbarow (10) with a visual colorim- 
eter. For the determination of TASP an aliquot of the filtrate was ashed with 
sulfuric and nitric acids (10). The material was then diluted with water and 
heated in a boiling water bath in order to decompose any pyrophosphate or meta- 
phosphate formed during the ashing. Inorganic phosphate was determined 
directly after precipitation as the calcium salt (11). The phosphate of phospho- 
creatine was estimated by subtracting the inorganic phosphate from the value 
obtained after 30 minutes of acid hydrolysis at room temperature in the presence 
of molybdate (11). The labile P of APP was estimated by subtracting the latter 
value from that obtained after hydrolysis with 1 N hydrochloric acid for 7 
minutes at 100°C. (12). 

In a few experiments determinations of acyl phosphate were carried out. A 
3 cc. aliquot of unneutralized trichloroacetic acid filtrate was used for this purpose. 
The specific procedure of Lipmann and Tuttle (13) was followed with slight modi- 
fications suggested by Doctor Lipmann. 

During the course of the study it became desirable to check the identity of the 
phosphate fraction analyzed as the phosphate of phosphocreatine. This was 
accomplished in two ways: a. The speed of hydrolysis of phosphocreatine was 
measured. For this purpose the reaction was carried out under mild conditions 
according to Lowry and Lopez (14), who use ascorbic acid at pH 4 as reducing 
agent in the determination of phosphate. The concentration of ammonium 
molybdate was 0.25 per cent. The course of the reaction was followed with a 
photoelectric colorimeter, readings being taken every two minutes, and the 
half-life was computed, b. Phosphocreatine was determined as creatine. The 
compound was precipitated in the manner described by Fiske and Subbarow 
(11) by treating 3 cc. of neutralized filtrate with a corresponding amount of 
copper acetate at a pH between 7 and 8. The precipitate was centrifuged 
off and washed with a few cubic centimeters of water. The combined 
supernatant and washing contained the free creatine of the sample. Creatinine, 
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in the small amounts present, remained likewise in the 'supernatant. The two 
compounds were estimated according to Foiin and Wu (15). Totd creatme 
plus creatinine were estimated in a separate sample of the filtrate. The differ- 
ence between the two results was taken to represent phosphorylated creatine. 

Results. The main results of this study are given in table 1. They are 
grouped into three sections, representing the normal controls, the spontaneously 
failing hearts, and the hearts made to fail by the cardiotoxic drugs. Although the 
various drugs may not impair the contractility of the heart by the same^cl^ 
anism, there is some justification in grouping together the results obtained with 
these drugs, inasmuch as both the cardiodynamic and the ch«nical changes 
were, on the whole, in the same direction. The significance of the differences be- 
tween the means of the two groups of failing hearts on the one hand and the con- 
trols on the other hand is evaluated statistically. r , u * 

The cardiodynamic data in table 1 illustrate the impaired activity of the hearts 
in the two experimental groups at the time the cardiac muscle sample was re- 
moved for analysis. A markedly elevated right atrial pressure signalizes right 
ventricular failure. Left atrial pressure was greatly elevated in all the spontan- 
eously failing preparations in which it was measured, showing that failure was 
left- as well as right-sided. A sharp rise in left atrial pressure was ob^rved also 
in a heart poisoned with mersalyl. In the experiments with the other cardio- 
toxic drugs, left atrial pressure was not recorded. Most of these drugs, however, 
have been tested previously in this laboratory on the HLP and were found to be 
as potent in causing increases in the left as in the right atrial pressure. Ihe 
reserve capacity of the failing hearts, reflected in the C. I., was largely used up or 
was completely exhausted. Actual work performance was greatly dimmished, 
due principally to a sharp decline in minute output. This decline was entirely 
the result of a severe reduction in systemic output. Some hearts were weakened 
to such an extent that no blood or only negligible amounts were being pumped 
into the system. Coronary flow, in spite of a decreased arterial pressure, v^s 
increased in most cases, especially in spontaneous failure and in failure induced by 
chlorobutanol and diphenylhydantoin. In the majority of the experiments, 
more blood was circulating through the coronaries at the time of the temmal 
measurements than through the system. The failing hearts remained to the en 

adequately supplied with blood. 

The heart rate was decreased in every instance of spontaneous failure. All 
compounds aith a negative inotropic action, except mersalyl, had dso a negative 
chronotropic action. The local anesthetics produced, in addition, irregu- 
larities oi rhythm. ^ « 

Table 1 shows that loss of myocardial contractihty was not associated witn 

loss in APP and phosphocreatine,but, on the contrary, was accompani^ in 
instances by a gain in phosphocreatine. The discrepancy betv^ the ^rdio- 
d’riiamic and chemical-data is striking. In spite of extreme differences in pCT- 
formance and functional capacity, the APP ccmeentration remained relative y 
oonstsait. Lowered values were found in-a few failing hearts which a^ ^were 
cone^ndingly poorer in TASP, probably because of the presence of edema 
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fluid or of comparatively large amounts of coronary blood in the tissue. Other- 
wise, the TASP concentration was likewise undiminished in failure. The con- 
centration of phosphocreatine, which in the control group ranged from 12.0 to 
17.4 mgm. P per cent, with an average of 14.3, was significantly higher in the 
experimental groups. In spontaneous failure it varied from 15.3 to 22.7 mgm. 
P per cent, averaging 19.5; in drug-induced failure the range was 12.4 to 28.4, the 
average 18.0. The inorganic phosphate was somewhat diminished. In the two 
very feebly contracting hearts at the bottom of the list, the phosphocreatine 
concentration, amounting to 22.7 and 20.0 mgm. P per cent, w^as among the 
highest in the series. It should be noted that even in these two cases of extreme 
failure, in which the systemic circulation had ceased, the coronary circulation 
was still functioning. Although diminished to a small fraction of the normal 
volume, it must have been sufficient, in view of the negligible amount of work 
performed, to maintain metabolism. The high levels of APP and phosphocrea- 
tine are a good proof of this contention. 

Determinations of acyl phosphate were performed only in a few scattered ex- 
periments. However, the results show clearly enough (table 1) that the con- 
centration of this energy-rich phosphate fraction is practically negligible in the 
failing as well as in the non-failing heart. 

It is evident from the results in table 1 that, under the conditions prevailing 
in the present experiments, myocardial failure developing spontaneously or pre- 
cipitated by the various pharmacological agents used is not due to exhaustion of 
the immediately available supply of energy for systole (or for diastole). 

Identity of the excess^ ^ phosphocreatine of the isolated heart. The values of 
phosphocreatine in table 1 fall within the same range as those obtained by 
Pollack, Flock, Essex, and Bollman (17) in the heart of the dog HLP. These 
authors drew attention to the observation that isolated dog hearts are frequently 
richer in phosphocreatine than is the heart in the intact animal. We have made 
phosphate determinations in the hearts of six intact anesthesized dogs kept under 
artificial respiration and found, in agreement with Pollack et at., the phosphocre- 
atine content to be considerably below that of the normal HLP heart. The values 
for the six hearts ranged from 7.0 to 11.4 mgm. P per 100 grams apex, averaging 
8.9 mgm. The distribution of the other organic acid-soluble phosphate fractions, 
including acyl phosphate, was about the same as in the heart of the HLP. 

Before accepting as a fact that the isolated heart has a greater phosphocreatine , 
reserve than the heart in sitUj it had to be made reasonably certain that the bulk 
of the phosphate analyzed as that of phosphocreatine actually came from phos- 
phocreatine and was not derived in part from some other phosphate fraction of 
similar analytic behavior. For this purpose the identity of the phosphate of the 
HLP heart determined as the phosphate of phosphocreatine by the method of 
Fiske and Subbarow was subjected to verification by the use of the procedures 
outlined above, i.e., by measuring the half-time of splitting phosphocreatine 
under the mild hydrolytic conditions specified by Lowry and Lopez (14), and by 
determining the compound as creatine. Three non-failing and four sponta- 
neously failing hearts were used for this purpose. 


TABLE 1 

Add^oltibU phosphates in normal and failing hearts of dog hear I -lung preparations 
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The results of these experiments are shown in table 2. The phosphocreatine 
content of the seven hearts as determined by the method of Fiske and Subbarow 
ranged from 13.8 to 22.7 mgm, P per cent. The method of Lowry and Lopez 
yielded values close to these. The half-life of hydrolysis was 14 and 28 minutes 
in two of the experiments; in the other four experiments it was close to 20 min- 
utes; 20 minutes, according to Lowry and Lopez, is the half-life of the reaction 
in 0.25 per cent ammonium molybdate at pH 4. Thus, the phosphate fraction 
determined as phosphate of phosphocreatine behaved, on the whole, like true 

phosphocreatine. r n • 

The results of the creatine determinations in table 2 reveal, first of all, m con- 
firmation of earlier data reported by Pollack et al. (17), a lack of correlation be- 
tween the amounts of phosphorylated and of total creatine in the cardiac muscle 
of the dog HLP. The creatine bound to phosphate, computed from the phos- 


TABLE 2 

Phosphocreatine in the heart of the heart-lung preparation 
of the dog as determined by various methods 


DOG NO. 

CONDITION OF HEART 

P OF PHOSPHOCREA- 
TINE 

OF 

PHOSPHO- 

CREATINE 

HYDRO- 

LYSIS* 

TOTAL 

CREATINEt 

CREATINE 

OF 

PHOSPHO- 

CREATINE 

MOLAR RATIO OF 
CREATINE OF PHOS- 
PHOCREATINE TO 
PHOSPHATE OF PHOS- 
PHOCREATINE 
(FISKE-SUBBAROW) 

Fiske- 

Subbarow 

Lowry- 

Lopez 



mgm. % 

mgm. % 

min. 

mgm. % 

mgm. % 


83 

Normal 

13.8 

14.1 

14 

275 

58 

1.02 

86 

Normal 

17.4 

15.6 

21 

209 

55 

0.78 

87 

Normal 

13.6 

14.0 

23 

207 

72 

1.28 

82 

Spontaneous failure 

18.0 



281 

80 

- 1.09 

84 

Spontaneous failure 

22.5 

19.4 

16 

252 

72 

0.78 

85 

Spontaneous failure 

22.7 

20.2 

28 

228 

79 

0.85 

95 

Spontaneous failure 

15.3 

14.8 

18 

172 

55 

0.87 


* In 0.25 per cent ammonium molybdate at pH 4 and room temperature, 
t Includes preformed creatinine. 


phocreatine values obtained by the Fiske-Subbarow method, varied from 21 to 
41 per cent of the total creatine. In the 25 experiments of Pollack et al. itvaned, 
according to calculations made from their data, from 14 to 54 per cent. The 
coefficient of correlation between the amount of phosphocreatine and of total 
creatine, based on the combined data of Pollack et al. and of table 2, has the very 
low value of 0.08. The fact that in cardiac muscle only a relatively small fraction 
of the total creatine is combined with phosphate helps explain why this correla- 
tion is so low. f u 1 , 

The creatine fractionation yielded ratios of moles of creatine of phospho- 
creatine to moles of phosphate of phosphocreatine (Fiske-Subbarow values) 
varying from 0.78 to 1.28. In the two hearts with the highest values of P of 
phosphocreatine (22.5 and 22.7 mgm. per cent) the ratios were 0.78 and 0.85. A 
1 :1 ratio, based on the figures for bound creatine, would have been obtained for 
P of phosphocreatine values of 17.6 and 19.3 mgm. per cent. These are con- 
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^ntrations which still are twice as high as those in the heart muscle of the intact 
dog. From these data it appears that the bulk of the phosphate of the dog HLP 

heart analysed as the phosphate of phosphocreatine actually is combined with 
creatine. 

Toptber with the finding that the highly labile phosphate of acetyl phosphate 
or other acyl phosphates is uniformly very low both in the isolated heart and in 
the heart in situ, the results presented in tables 1 and 2 leave little doubt that the 
heart of the HLP is considerably richer in phosphocreatine than the heart of the 
intact animal. 

The cause of the elevated phosphocreatine content of the HLP heart has yet 
to be ascertained. Pollack et al. (17) have merely commented that the phenom- 
enon is not simply a restoration of something broken down during the setting 
up of the HLP. Preliminary experiments suggest that exclusion of the liver 
from the circulation may produce an increase in the phosphocreatine content 
of the heart. 

Relation between the phosphocreatine concentration and heart rate, work perform- 
ance, and survival time of the heart-lung preparation. Inspection of table 1 re- 
veals three variables which may be singled out, both on the basis of theoretical 
considerations and on the basis of the actual results, as possibly having contribu- 
ted to changes in the phosphocreatine level of the HLP hearts. These variables 
are heart rate, work performance, and survival time of the preparation (measured 
from the moment the heart-lung circuit was established). It was seen from 
table 1 that hearts beating at low frequencies and doing little work tend to accu- 
mulate a high phosphocreatine reserve. Lowering of heart rate and of work per- 
formance are, in turn, consequences of increasing survival time, at least in prepa- 
rations not treated with toxic drugs. The importance of the time factor in causing 
elevation of the phosphocreatine level in the heart of the HLP has been stressed 
by Pollack et al. (17). These authors, however, gave no data on heart rate and 
work performance. 

The extent to which the phosphocreatine concentration is correlated to heart 
rate, to work, and to the survival time of the HLP is shown in table 3. Product- 
moment correlation coefficients were calculated from the results of the 28 experi- 
ments in table 1, assuming that the depressant drugs have no direct specific 
action on the phosphocreatine content. The values obtained indicate the ex- 
istence of significant over-all relationships between the amount of phospho- 
cieatine on the one hand, and heart rate, work, and survival time on the other 
hand. The respective zero order r’s are -0.58, -0.47, and +0.48. However, 
since rate and work of the HLP usually decrease with time, the zero order corre- 
lations between rate and phosphocreatine and betw^een w^ork and phosphocreatine 
may be high on account of the common influence of the time factor, and the latter 
may correlate significantly with phosphocreatine by virtue of its influence on 
rate and work. 

A truer estimate of the pure relations between phophocreatine and the other 
three variables than that provided by the zero order correlations is given bv the 
partial correlation coefficients in table 3. It is seen that when the survival time 
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of the HLP is statistically kept constant, the coefficient of correlation betw^n 
phosphocreatine and rate is only moderately reduced to the still fairly sizable 
value of -0.51. On the other hand, keeping the survival time constant reduces 
the correlation coefficient for phosphocreatine and work from -0.47 to -0.29. 
Similarly, removal of the influence of rate and work on the relation betwe^ 
phosphocreatine and survival time lowers the coefficient from 0.48 to 0.31. 
the three partial correlation coefficients, only that linking phosphocreatine and 
heart rate can be considered to be significant. . • ui 

This analysis of the results suggests that among all the cardiodynamic variables 
measured, the heart rate is by far the mo.st important in determining the phospho- 
creatine level of the heart.^ The direct proof of this contention remains to be 


TABLE 3 


Coefficients of correlation 
and heart rate, 
(1) Phosphocreatine; 

ZEaO OKDER t* 


rn = -.58 
riH = — .47 
ri4 = +.48 


between phosphocreatine in the heart of the dog heart-lung preparation 
work performance, and time of survival of the preparation 


2) heart rate; (3) work; (4) time of survival. 

attained level or 
sionificanceJ 

PARTIAL ft 

ATTAINED LEVEL OF 
SIGNIFICANCE t 

p 


P 

0.01 

TnA 0.51 

0.01 

0.02 

m., = -0.29 

0.2 

0.01 

?*14.23 — +0.31 

0.2 


, where rr and y are the deviations of the individual values of the two 

\/sai2-S?y2’ 

variables from their respective means, 
t Calculated by the general formulae; 

r ab rae''^bc 

y/ — roe^kl — 


and 

r ab' d rae'd'f’bc'd 

A/d - rac-d^)(l - 

X As indicated by the f-test (16) 

furnished by actual experiment. There can be httle doubt, however, that a 
major reason for the elevated phosphocreatine content of the failing hearts in 
table 1 was their lowered rate of beat. 

Discussion. The present experiments have demonstrated that myocardial 
failure can occur in the presence of an adequate supply of energy for the cardiac 
cycle. Specifically, it has been shown that in hearts failing spontaneously or M a 
result of the toxic action of general anesthetics, local anesthetics, quinacriim, 
or mersalyl, there is no deficiency in APP and phosphocreatine. Since the 
ultimate goal of metabolic energy production in muscle is to supply energy utihz- 
able for contraction in the form of the energy-rich phosphate bonds of APP an , 

• The difference between the phosphocreatine content of the isolated heart and of the 
heart in situ is not due to a difference in heart rate. 
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in the second place, of phosphocreatine, it is clear at once that these types of myo- 
cardial failure are not caused by impairment of energy metabohsm. On the 
contrary, the energy reserves for contraction are more abundant than in the well- 
functionmg heart, as witnessed by the unusually large phosphocreatine stores. 
It IS, therefore, the utilization and not the generation of phosphate bond energy 
that IS at fault. 

This concept of a mechanism of experimental myocardial failure is in agree- 
ment with the work of Visscher (18), who concluded, from measurements of work 
and oxygen consumption, that the defect underlying the spontaneous failure of 
the isolat^ mammalian heart perfused with blood is one of energy utilization 
not of energy production. It is incompatible with the view of Katz (19), 
likewi^ based on measurements of work and oxygen consumption, that this type 
of cardiac failure is due to impairment of energy metabolism. 

Burns and Cruilphank (20) observed that, in the ventricles of dog HLP’s ex- 
posed to the combined action of insulin and epinephrine, the APP and phospho- 
creatme were reduced by 50 and 25 per cent, respectively, below the values found 
in the ventricles of intact dogs. Their implication that these changes are repre- 
sentative of the behavior of the mammalian heart fatigued in the presence of 
oxygen appears hardly warranted. Their further finding that the heart of the 
normal HLP may contain less phosphocreatine than the heart of the intact ani- 
mal is m sharp disagreement with the data of Pollack et al. (17) and of the present 
study. Weicker (21) reported that he found the APP and phosphocreatine con- 
tent of isolated cat hearts to be greatly reduced in insufficiency following long- 
lasting perfusion . The fact that the perfusion fluid used was Ty rode solution and 
not blood may account for the depletion of the energy-rich phosphates. It is not 
unlikely that during the course of the experiments the oxygen supply to the myo- 
cardium became a limiting factor in the synthesis of these compounds. The 
isolated frog heart, which usually is kept at a much lower temperature than 
mammalian heart preparations and hence requires comparatively less oxygen, 
will ^at, according to Clark et al. (22), for many hours in oxygenated Ringer 
solution with only insignificant or moderate losses of phosphocreatine and APP. 
Clark et d. (cf. 22) have also shown that the frog heart can be weakened by a gen- 
eral anesthetic (ethyl urethane) and by other pharmacological means without a 
decrea,se in its phosphocreatine content. Of interest in connection with these 
and with the present findings is the observation of Jokl (23) that in rats forced to 
run to exhaustion, the phosphocreatine concentration in the fatigued mu.scles of 
th© thigh rises to abnormally high values. 

In view of the poor correlation found to exist between total creatine and pho.s- 
phoci^tine in the isolated heart, it seems hardly justified to assume the existence 
o a^ igh correlation in the heart iu situ. Indeed, data presented recently by 
Davies et al. (24) reveal not only a marked difference between atria and ventricles 
with respect to the percentage of the total creatine present in phosphorylated 
form, but show also that this percentage varies considerably among atria and 
among ventricles of animals of the same species. On the basis of existing evi- 
dence, therefore, it is difiicult to accept the inference of Herrmann and Decherd 
(2) and of Myers (3) that the loss in total creatine which they observed in failing 
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human hearts probably reflects a loss in phosphocreatine. It is, of course, not 
improbable that in congestive heart failure in the human and in the intact animal, 
where, due to cardiac hypertrophy and other factors, the oxygen supply to the 
myocardium is in all likelihood poorer than in the failing HLP, the concentra- 
tions of phosphocreatine and of APP may be low. From the relation between 
cardiac rate and phosphocreatine content found in the present experiments, a 
low level of phosphocreatine and possibly of APP is to be expected if congestive 
heart failure is accompanied, as is very often the case, by tachycardia. It is 
regrettable that none of the authors cited above has published any information 
on the rate at which the hearts which they analyzed had been beating. 

In a parallel study dealing with metabolic aspects of the toxic action of the 
general and the local anesthetics on the heart (25) it was found that the former 
group markedly inhibits the respiration of slices of dog heart muscle in concentra- 
tions which reduce, but do not abolish, the contractility and automatieity of the 
organ. This finding suggested that the negative inotropic and negative chrono- 
tropic action of these drugs may be due to a depression of respiratory metabolism. 
The present finding that hearts depressed by such general anesthetics as pento- 
barbital, chlorobutanol, paraldehyde, and propazone are able to maintain a 
normal supply of APP and phosphocreatine speaks strongly against this notion. 
Since in the present experiments the hearts were exposed to these drugs for a 
period of one-half hour or more before a sample was taken for analysis, it appears 
highly improbable that the energy for the synthesis of APP and phosphocreatine 
was furnished anaerobically. Therefore, unless one as.sumes that the activity 
respiration of the heart is less sensitive to general anesthetics than is the respira- 
tion of quiescent cardiac slices, the differential action of these drup on respi- 
ratory activity and on energy-rich phosphate supply may be explained on the 
ground that the energy demands of the weakened hearts were so low that they 

could be satisfied even by a markedly depressed respiration. 

A corollary of the present findings concerns the mechanism of action of coin- 
pounds capable of relieving the types of myocardial failure investigated in this 
study. The cardiac glycosides and epinephrine, for example, are known to re- 
store the contractUe power of the heart in spontaneous and in barbiturate failure 
and have been observed in this laboratory to act in the same way in cardiac 
failure precipitated by other general anesthetics and by local anesthetics, mer- 
curials, and quinacrine. Inasmuch as none of these failures is caused by impair- 
ment of energy metabolism, the positive inotropic action of the cardiac glycosides, 
of epinephrine, or of any other drug effective in these failures, cannot be the result 
either of effects on energy metabolism, regardless of what metabolic changes 
may be produced in the myocardium. The primary action of these substances, 
like that of the negative inotropic agents studied and like the changes leading to 
spontaneous heart failure, must be concerned with a phase of myocardial con- 
traction other than the generation of utilizable chemical energy. 


SUMMARY 

Hearts of dog heart-lung preparations failing spontaneously or as a result of 
the administration of various general anesthetics or local anesthetics, or ot 



energy-rich phosphate supply of failing heart 745 

have a normal supply of adenosine polyphosphate and 

faLThelrlLotr non-failing hearts. Both non-fSling and 

faihng hearts contain only negligible amounts of acyl phosphate. 

acc^unte7foll^«TK can probably be 

acTOunted lor in part by a lowered rate of beat. 

creatine has been verified. It has been confirmed that in the heart of the heart- 

tij rsr; "■“ i.«he, 

Analysisofearlierandofthepresentdatarevealsalackofgoodcorrelationbetween 

The results indicate that the types of myocardial failure studied are due to 

SSltton oftf generation of phosphate bond etrgy. 

• 7 ^ f regard to the mechanism of the posit^e 

inotropic cardiac action of certain pharmacological agents is pointed out. ^ 

Acknowledgment. 1 am indebted to Drs. O. Kraver F I inm«nn a„^ r- w 
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DISTRIBUTION OF ESTERASE IN LYMPH FROM VARIOUS 
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Dog plasma contains an enzyme in the at globulin fr^tion capable of hydro- 
lyzing acetylcholine and other esters. The determination of the acetylcholine- 
splitting activity of plasma is a convenient method of studying this esterase, m 
a previous report (1) it was shown that considerable plasma estera,se exists m the 
liver and that this store can be mobilized under certain conditions. In the 
present paper the esterase content of lymph from the liver and other sources is 
studied ; the influence upon lymph of two procedures, shown in the previous report 
to affect the distribution of esterase between plasma and liver, is examined, and 
the possibility that plasma esterase may arise from lymph nodes or lymphocytes 

is investigated. , i • u 

Methods. Healthy male or female mongrel dogs were used after having been 

kept in the laboratory for two or three days to assure that they were adequately 
hydrated. The distribution of plasma esterase was disturbed in one group of 
dogs by the administration by stomach tube, immediately before feeding on e^h 
of the two days preceding the collection of lymph, of 1 cc. per kgm. of carbon 
tetrachloride diluted with an equal volume of Wesson oil. In another group of 
dogs hemodilution was brought about by the transfusion of concentrated solu- 
tions of esterase-free human or bovine* crystalline plasma albumin. Samples of 
blood and lymph were taken 30 to 60 minutes after this transfusion, at a time 
when the plasma esterase concentration had fallen to about 80 per cent of its 
normal value, as shown in the previous report (1). . , ^ j 

All experiments involving the cannulation of lymphatics were earned out un er 
sodium pentobarbital anesthesia, a uniform level of anesthesia being maintained 
by the administration of small doses of the drug during the course of the 

^To’lSrtSn of lymph from the thoracic duct and the left cervical duct were 
accomplished by customary procedures through an mcision in the neck (2). 
Liver lymph and mesenteric lymph were collected at laparotomy (transyerealis 
incision), the former from a cannula inserted in one of the lymphatics which can 

> This work was supported by a grant from the U. S. Public Health^rvice. „ . 

» Present address; Department of Pharmacology and Experimental Therapeutics, School 
of Medicine, Louisiana State University, New OrleM^ L^ of 

•The authors wish to thank Dr. E. J. Cohn and Dr. Surgenor, Depart^nt of 

Physical Chemistry, Harvard Medical School, and Dr. J. B. Lesh, Amour 
ratory, Chicago, Illinois, for placing at their disj^al the human and the bovine crystallme 
albumin, respectively, used in these experiments. 

746 



esterase activity of blood plasma op dog 747 

T the lesser omentum and the neck of the gaU bladder (3) and 

various lobes of th^r * a in 0.3 per cent solution into the 

liverTmrSr 1 ^11 ” ^ ^^^^^ain that the fluid collected actually was 

liver l^ph. In al cases tested, the administration of dye into either the riZ 

Bl^ for analysis was collected from the femoral arteiy of one leg while 

ZtdZlT T vein of the other leg. Dry hepm^n 

D all lymph samples as an anticoagulant and 0.1 cc of 1 oer cent 
hepann solution m 0.9 per cent NaCl was used p^ 5 cc. of blood * 

0 025 M performed by the method of Ammon (4) ■ 

checkpH ^ were carried out refractometrically and were 
Phillips erir'(5)^”^ “®*hod of 

Lymph nodes removed from anesthetized or freshly killed dogs were homo 
Sv^ ’"L^nrS determination of esterase 

needTef in "T leased apart by 

needles m physiological saline containing 0.2 per cent dextrose The resulting 

sus^nsions were allowed to stand for 10 minutes to permit Sing out of TaS 

fragments of tissues Lymphocytes were then separated by carefully layerfng 

the suspension over isotonic 21 per cent bovine albumin sohition SoTand 

Co.) and centrifuged at 500 r.p.m. for 5 minutes, then at 2000 r.p.m. ( r = 24 cm ) 

albumi^T^* between the supernatant and the 

albumin was harvested and found to consist mainly of lymphocytes with lme 

a mixture of damaged cells. This mixture was resuspended in saline in a gradu- 
ated centrifuge tube and centrifuged for 15 minutes. By this procedure d w^ 

* *" ^ "■*“ »' '■«* ^ -■ »' db, 

Results. Table 1 shows the results of analy.ses of plasma and of lymph from 

S b Z pT,^ “™' <i«>^ I" no™,I dog. ,h. 

01 blood plasma and of liyer lymph are yery nearly equal. In confirmation of 
^rher obseryations (6) it was found that ceryical lymph contains considerably 
1^ esterase actiyity-about 30 per cent that of plasL-while 1110^;* du d 

Sy TS r I" liver lymph the ratio of esterase 

Mtiyity to total protein is identical with that of plasma, while in ceryical lymph 

layer injury by carbon tetrachloride results in large increases in the blood 
‘ The authors are indebted to Dr. C. J. Favour for suggesting this technique. 
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plasma esterase activity (1) . As shown in table 1 , liver lymph remains simlar to 
plasma. The composition of cervical lymph tends to differ more widely from 
that of plasma than in normal dogs, while thoracic duct lymph may show a 
relative increase in esterase activity. It may be remarked here that while o^y 
one out of eight normal dogs showed flow rates of the hver lymph exceedmg 

TABLE 1 

The dietrihulion of esteraee activity between blood plasma and lymyh of varioue sources _ 



ESTEXA8E ACTIVITY 


TOTAL PXOTEIN 



E/TP 


SEX 


muj LJhour 


gram % 






P* 

LL 1 CL 1 TL 

P 

LL 

CL 

TL 

P 

LL 

CL 

1 TL 


Normal dogs 


101 

99 

29 


7.2 

6.2 

4.8 


14 

16 

113 

120 

25 

71 

4.7 

4.6 

3.6 

3.9 

24 

26 

149 

102 

27 


5.5 

4.4 

2.7 


27 

23 

88 

85 

38 


5.2 

4.7 

2.4 


17 

18 

101 

83 

19 

44 

5.3 

4.4 

2.7 

3.4 

19 

19 

146 

104 

62 

113 

5.8 

5.8 

3.9 

5.4 

25 

18 

162 

157 

51 

103 

5.2 

4.9 

4.0 

4.3 

31 

32 

78 

74 

26 

53 

5.6 

4.6 

3.7 

3.8 

14 

16 

117 

103 

35 

77 

5.6 

4.9 

3.5 

4.3 

21 

21 

±11.2 

±9.2 

±5.2 

±13.5 

±0.3 

±0.3 

±0.3 

±0.3 

±2.3 

±2.0 

100 

89 

29 

61 

100.0 

90.0 

63.0 

78.0 

100 

100 

±4.9 

±3.5 

±4.9 


±2.6 

±4.4 

±5.4 


±5.1 


66 

67 

21 

24 

26 

32 

33 

34 


M 

F 

F 

M 

m' 

M 

M 

F 


Mean 

St. D.M 

Mean % of P ... . 
St.D.M.,P*100.. 


10 

± 1.1 

49 

±7 


18 


13 
21 
24 

14 

18 

± 2.1 

81 

,±4.8 


CCh treated dogs 


27 

M 

116 

103 

29 

87 

7.2 

6.4 

4.1 

5.1 

16 

16 

7 

17 

28 

M 

117 

102 

15 

68 

5.9 

4.9 

2.5 

3.6 

20 

21 

6 

19 

29 

M 

133 

103 

19 


6.3 

5.1 

2.7 


21 

20 

7 

51 

30 

F 

284 

273 

43 

184 

4.7 

4.6 

3.6 

3.9 

60 

59 

12 

37 

F 

266 

250 

66 

200 

5.6 

5.3 

3.3 

4.8 

48 

47 

20 

42 

43 

M 

260 

248 

32 

195 

4.3 

1 

4.1 

2.4 

3.3 

61 

61 

13 

59 

Mean . . . 
St. D.M. 


196 

±33.4 

179 

±34.7 

34 

±7.6 

147 

±2.8 

5.7 

±0.5 

5.1 

±0.3 

3.1 

±0.2 

4.1 

±0.3 

37 

±8.6 

37 

±8.4 

11 

±2.2 

37 

±4.4 

Mean % 
St.D.M. 

of P. ... 
,P=100. 

100 

90 

3.3 

17 

2.4 

70 

4.3 

100.0 

90.0 

2.8 

56.0 

5.2 

75.0 

4.4 

100 

100 

1.5 

30 

3.4 

94 

3.9 


* P = blood plasma; LL - liver lymph; CL - cervical lymph; TL - thoracic duct 
lymph. 

0 06 cc per minute, three out of six carbon tetrachloride treated dogs showed 
liver lymph flow exceeding this value. The mean value 
0 045, whereas that for carbon tetrachloride treated dogs was 0.091 . While the 
experimental procedure chosen does not appear to warrant accurate quantitative 
comparison, increased liver lymph flow seemed to accompany the liver injury. 
The transfusion of albumin was followed consistently by decreases in the rate ot 
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Srolh co^nt ly™Ph. accompanied by increases in the total 

SsZt tb^!! ^ ^ ««"tent were not con- 

si^nt, there was a significant rise in both variables in the case of dog 34- in one 

the + (*^”8 26) there was no change in flow and little or no chknge in 

the total protein content; in the remaining dogs, liver lymph flordecSed 


TABLE 2 

The effect of transfusion of concentrated crystalline albumin 
on the distribution of esterase in plasma and lymph 


DOO 

experimental procedure 

PLASMA 

LIVER LYMPH 

- 

/rc-u. vyuipn 

CERVICAL LYMPI 

j THORACIC DUCT 
LYMPH 

Be 

fort 

; Aft< 

- 1 
•m * 

- 

p Be 
1 for. 

e 

a 

;r ^ 

Ct 

p Be 
1 for 

e 

a 
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cervical and thoracic duct lymph only inconsistent changes of esterase activity 
could be observed. The ratios of esterase to total protein (E/TP) decreased less 
markedly in cervical lymph than in liver lymph and in plasma, and remained 
virtually unchanged in thoracic duct lymph. 

In three dogs mesenteric lymph was collected. The results are shown in table 
3. It will be noted that the composition of mesenteric lymph resembte the 
average composition of thoracic duct lymph obtained from dogs with intact 


TABLE 3 

Esterase distribution in dogs with cannulae in a mesenteric lymph duct 



♦ P, CL, TL are same as in table 1. ML * mesenteric lymph. 



mesenteric lymphatics (table 1). By contrast, the thoracic duct lymph which 
was obtained from two of these three dogs showed low esterase activities and 
E/TP ratios. 

Lymph nodes and lymphocytes were examined for their esterase content. I ne 
results are tabulated in table 4 together with data regardmg the average ^terase 
activity of normal dog plasma and liver. The l 5 unphoid tissues contain little 
esterase. 

Discussion. One purpose of these studies was to determine whether the 



esterase activity of blood plasma of dog 751 

be detected by the study of liver lymph. 
oJv if SSfi be a useful tool for studies of protein metabolism 

^ H tbe proteins of 

hver l^ph and of plasma can be detected. McCarrell, Thayer and Drinker (7) 

ct-e W h of’blood plasma wem very 

prXin contem nf\r 1 ^ ^be tota^ 

protein content of blood plasma. In the course of the present studies these ob- 

confirmed with regard to the total protein content and have 

l^nh observation of similar cholinesterase activities in liver 

^ph ^d blood plasma and of identical ratios E/TP. Even when the composi- 

!^Un ^Wh^H “.*ber over a two-day period by the administration of 

Jr. f l"’ n “ ^ 'be injection of esterase-free 

aimU^’ 'b® bver lymph reflected the protein composition of the plasma. The 

v^ou^ldm^ emphasized by the results of the intra- 

venous administration of the dye T-1824, which is knoivn to be firmly linked to 

plasma albumin. Here again, within less than 10 minutes the dye appeared in the 
ikTJr'^ trations slightly below those found simultaneously in blood 
£rh J r *bat passage of lymph from the blood plasma 

r r ^ ^bich is sufficiently higher than the rates of 

shifts of f parenchyma to prevent the detection 

of werall shifts of protein out of or into the hepatic cells. 

Th. qu^tion was the possible production of esterase by lymphocytes. 

°''' 'be possibility that plasma esterL cVuld 
be formed in the lymphocytes and liberated into the blood and lymph plasma by a 

eTh ft T '° 'b^' ‘evolved in the appearance of globulins in the plasma, 
of the IvmXo P^“a esterase were assumed, the esterase content 

ftir tf ^ 'b® lymphocytolysis required to account 

lor the plMma esterase activity would be unreasonably large. This view is 

TL- P''®b™‘'i^ry results' with methyl bis-/S-chlorethyl amine hydro- 
c oride This agent ^ been shown to produce massive lymphocytolosis if 

doif of f f ^ “ the plasma esterase levels of 

F * fu patients so treated have been observed. Present evidence does not 

it intfff tissue may produce the enzyme and release 

It into the plasma without actual cell destruction. The veiy low relative esterase 

tf f f ” ^ 'b^^'^Sb a lymph node may be taken 

to argue against such an assumption. 

f f pointed out that non-visceral lymph contains relatively 
less globulm than does plasma. Thus (8) the mean ratio of globulin to total 
protem in CMine cervical lymph was found to be 82.5 per cent of that of the 
m the same animals. In calves’ leg lymph electrophoretic study (9) 
nf f a-globulin to total protein 7G per cent of that of the 

serum m the same animal (corresponding figures for /3-globulin, 95 per cent; for 

““aSte 1 Dr Sidney Farber for making available the nitrogen 

Zflfa . exploratory studies as well as the elinieal material . These data were 

obtained on two dogs and on two patients. 
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7 -globuliii, 85 per cent) . The ratio E/TP in cervical lymph, however, is only 49 
per cent of this ratio in the blood plasma in normal dogs. Increased cholines- 
terase activity of blood plasma, brought about by liver injury (carbon tetra- 
chloride), is not accompanied by a significant increase of the esterase activity or 
the ratio E/TP in cervical lymph. If the bulk of the lymph proteins represents 
plasma proteins which have passed through the walls of the capillaries, then in 
the cervical region plasma esterase leaves the blood stream considerably less 
readily than any one of the electrophoretic components of the globulin complex, 
or than the total globulin fraction, as obtained by salting out procedures. The 
differences in the relative rates of penetration of different proteins through the 
capillary walls, indicated by these results, are considerably larger than had been 
suspected previously. 

In contrast to cervical lymph or liver lymph, each of which comes from a single 
fairly uniform region, thoracic duct lymph is a mixture of lymph from a number of 
regions. According to Drinker (10) 95 per cent of thoracic duct lymph is derived 
from the liver and the small intestine. The above data regarding the composi- 
tion of mesenteric lymph would be compatible with this assumption if mesenteric 
lymph supplied the bulk of thoracic duct lymph. On the other hand, thoracic 
duct lymph in two dogs, the mesenteric lymphatics of which had been cannulated, 
showed a normal flow rate, but very low esterase and total protein levels. These 
findings suggest that a considerable amount of thoracic duct lymph in apparently 
healthy animals can be derived from regions other than the liver and the small 
intestine. 


SUMMARY 

1. The cholinesterase activity and the total protein content of samples of 
blood plasma and of hepatic, cervical, thoracic duct, and mesenteric lymph have 
been determined in dogs. 

2. In normal dogs liver lymph contains about 90 per cent ot the esterase 
activity of an equal volume of plasma and an identical ratio of esterase activity 
to total protein. These relations persist when plasma esterase has been elevated 
by treatment of the animals with carbon tetrachloride or reduced by the injection 
of concentrated albumin solutions. 

3. In relation to total protein, the esterase activity of cervical lymph is 49 per 
cent of that of plasma. The esterase thus appears to pass from plasma to lymph 
less readily than other globulin components of plasma, which appear in greater 
proportion in the lymph. 

4. Thoracic duct lymph and mesenteric lymph show a composition inter- 
mediate between cervical and liver lymph. In two dogs in which the mesenteric 
trunk was cannulated, lymph with very low esterase and total protein content 
was obtained from the thoracic duct. 

5. Analyses of lymph nodes and of lymphocytes derived from lymph nodes 
showed low esterase activity. It appears unlikely that these tissues are involved 
in the production of plasma esterase 
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Shay and his associates (1) have described a procedure for the production of 
perforating type lesions in the fore-stomach of the rat in a very short period of 
time. In its essentials this procedure involves fasting rats for 48 hours followed 
by ligation of the pylorus under light anesthesia. Gastric secretions collect in 
the stomach and extensive lesions of the rumen are observed within 8 to 18 hours. 
For the past two years we have been employing this procedure as a means of 
assaying such anti-secretory extracts as “enterogastrone^’ and urogastrone’’. 
Recently, Pauls, Wick and MacKay (2) reported on the satisfactory application 
of the Shay rat to the assay of urine extracts. On the other hand Morris, Gross- 
man and Ivy (3) have reported that this method is of no value in the assay of the 
anti-ulcer properties of enter ogastrone. 

The purpose of this communication is to present further information regarding 
the use of the Shay rat in the assay of so-called anti-ulcer substances and to 
attempt an explanation of the mechanism whereby the gastric lesions are sup- 
pressed by extracts of intestines and urine. 

Method. Rats weighing 125-150 grams were fasted for 48 hours. At the 
end of this time they were lightly anesthetized with ether and through a short 
mid-line incision the pylorus was ligated. When such factors as age and weight 
of the rats, length of fasting period and absence of excess surgical trauma were 
controlled, hemorrhagic lesions occurred in the fore-stomach of all rats within 
16 hours. In our hands a 16-hour assay period was necessary in order to obtain 
severe ulceration in all animals. However, it must be stressed that others who 
have reported their observations on the Shay rat have obtained consistent 
ulceration in as short a period of time as 8 hours. By means of check assays we 
have shown that there were no qualitative differences between our 16 hour assay 
and an 8 hour assay employed by another laboratory, but as a consequence of the 
longer assay period larger doses of substances to be assayed were required. 

When a substance was to be assayed for its anti-ulcer activity it was ad- 
ministered parenterally, usually intraperitoneally, at the time of operation. In 
order to grade the activity of the anti-ulcer substances a system of scoring the 
severity of ulceration was designed. Animals showing .the most severe ulcera- 
tion in the 16-hour assay period were scored 4-4. Decreasingly severe ulceration 
was scored -f 3, 4-2, 4-1, and finally 0 for those animals completely free of any 
gross appearance of gastric lesions. The average of the ulcer scores in any 
group of animals was multiplied by 100 to give the ulcer index. 

1 A preliminary report of these data was presented at the meetings of the Federation of 
American Societies for Experimental Biology, Chicago 1947 . 
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^suLTs. Table 1 iUustrates the constancy of ulceration in a rather large 
reries of rats. The mean ulcer index for all groups is 330 and it will be seen that 
the deviation from the mean is relatively small. The total volume of gastric 
contents at the end of the 16-hour assay, total and free acid concentration and 
pepsin concentration as measured by the Bucher hemoglobin method (4) are 
given also. As a consequence of sloughing tissue, hemorrhage and the establish- 
ment o* a high mtragastric pressure the volume and acid concentration at the end 
ot the 16-hour assay does not give an accurate indication of gastric secretion at 
snorter time intervals when the gastric lesions were being formed. 

+ ulceration by extracts of intestines and urine is shown in 

teble 2. The acid e.xtraet of intestines was prepared by leaching fresh hog 
intestines (upper 6 ft.) with 0.4 per cent concentrated hydrochloric acid. The 
extract was filtered and lyophilized. Enterogastrone was prepared from fresh 


TABLE 1 

Ulcer index and gastric juice composition of Shag rats 16 hours after operation 


GROUP NO. 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 


Total 


Average 


10 

7 
5 

8 

7 

12 

12 

12 

8 
10 

8 


99 


340 

330 

320 

380 

270 

360 

300 

320 

330 

320 

380 


330 


VOLUME 

TOTAL ACID 

FREE ACID 

PEPSIN 

ml. 

units! 100 cc. 

UnitsjlOO CC. 

unitsflOO cc. 

11.8 

30 

12 


10.1 

55 

45 


11.2 

77 

xl 


7.2 

46 

17 


10.6 

57 

53 

4.36 

7.9 

50 

41 

3.28 

11.6 

1 66 

57 

1 5.31 

8.4 

52 

44 

3.20 

10.5 

64 

48 

3.48 

9.7 

38 

25 

3.59 

10.6 

50 

33 






10.0 

53 

38 

3.87 


hog intestines by the picric acid method of Greengard ei al. (5). Urine extract 
(Wick) was prepared from fresh human male urine by the charcoal adsorption 
method of Wick^ et al. (6) and urogastrone by a procedure similar to that of 
Gray et al. (7). The extracts are listed in order of increasing activity. We have 
made several crude acid extracts of hog intestines that have given the same 
general order of activity as the preparations illustrated here. However, many 
extracts of this type have shown little activity or a complete absence of activity at 
the dosage levels presented here. This same variation in the activity of different 
preparations of enterogastrone has been observed in our laboratory. Another 
point to be stressed is the rather large dosage of some of the extracts required in 
order to obtain a significant depression in gastric ulceration. With the exception 
of urogastrone most preparations had to be administered in doses of 50 mgm. or 
more per rat in order to obtain definite lowering of the ulcer index. 
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Crude acid extracts of intestines, the salt cake employed in making entero- 
gastrone, and urogastrone have been administered orally to rats under a variety 
of conditions. In no case was the orally administered material effective in re- 
ducing the ulcer index. 

TABLE 2 


Anti-ulcer activity of extracts of urine and intestines in the 16 hour assay 


GROUP NO. 

TYPE PREPARATION 

NO. RATS 

DOSE 

ULCER INDEX 




mgm./rai 


1 

Controls 

99 

0 

330 

6 

Acid extract of 

17 

200 

71 


intestines 

11 

100 

145 

2 


6 

50 

270 

3 

“Enterogastrone" 

11 

50 

184 

4 

' Urine ext ract ,(Wick) 

10 

50 

158 

7 

“Urogastrone” 

15 

50 

20 

5 


9 

25 

130 


TABLE 3 

Inhibition of gastric secretion by extracts of urine and intestines in the 5 hour assay 


GROUP NO. 

TYPE PREPARATION 

NO. 

RATS 

DOSE 

VOLUME 

1 

TOTAL 

ACID 

TREE 

ACID 

PEPSIN 




mrm./ro/ 

ml. 

units/100 

cc. 

units/100 

cc. 

units/100 

cc. 

1 

Control 

23 

0 

6.3 

107 

101 

4.15 

6 

Acid extract of 

10 

200 

0.77 

60 

32 

5.40 

2 

intestines 

10 

50 

2.68 

91 

82 

4.18 

3 

“Enterogastrone” 

10 

100 

0.95 

48 

28 

7.90 



10 

50 

1.67 

61 

48 

5.05 

4 

Urine extract (Wick) 

10 

50 

1.57 

43 

30 

4.50 

7 

“Urogastrone” 

10 

50 

0.40 

7 

0 

1.92 

5 


10 

25 

0.90 

20 

3 

3.90 



10 

5 

1.85 

71 

47 

4.50 


Since the analysis of gastric secretion at the end of the 16-hour assay period 
could not be used for an interpretation of the anti-secretory activity of the 
various extracts, we have utilized the Shay rat in a 5-hour gastric secretion assay. 
The rats were prepared as previously described. The substance to be tested was 
administered intraperitoneally at the time of operation and at the end of a 5-hour 
period they were killed and the entire stomach contents taken for analysis i 
Table 3 shows the results of this 5-hour assay. In this short period of time no 
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evidence of ulceration was observed. It will be seen that with each of the ex- 
tracts that had been previously shown to have anti-ulcer activity there was a 
reduction in the volume of gastric contents and the concentration of total and 
tree acid. In one case only was there a significant reduction in the pepsin con- 
centration and tins was with the largest dose of urogastrone that was employed. 
Peculiarly enough, the intestinal extracts appeared to cause an elevation of the 
pepsin concentration. 

It was part of the purpose of this study to attempt a correlation between the 
anti-secretory and the anti-ulcer effects of these extracts. In figure IB the 
volume of gastric contents at the end of the 5-hour assay has been plotted 




100 200 300 400 WO 200 W o 40 0 

ULCER INDEX AT 16 HOURS ULCER INDEX AT 16 HOURS 

concentration of HCl in gastric juice collected at the 
periods and the ulcer index as measured in 16 hour assays 
fig, IB Helationships between volume of gastric juice secreted during the 5 hour 
assay periods and ulcer index as measured in 16 hour assays. 

1 and''2.’”"^'’” "umbers as given in tables 


against anti-ulcer activity as determined in the 16-hour assay. For each point 
e same preparation at the same dosage level was employed for both anti- 
secretory and anti-ulcer determinations. It will be seen that in general the 
depression in ga.stric secretion parallels inhibition of ulceration. It would 
appear that an initial depression in secretion is manifested before inhibition of 
Ulceration becomes evident. 


In figure lA the concentration of free acid in the 5-hour assay period is plotted 

f IC-hour assay. Again a general relationship seems 
to hold between inhibition of ulceration and secretion. 

^though a relationship is observed between inhibition of ulceration and 
both volume of gastric juice and concentration of acid in secreted gastric juice it 
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is most interesting to note that lio such relationship was observed for pepsin 
concentration. On several occasions it has been observed that with excep- 
tionally potent dosages of an anti-ulcer substance which incidentally caused a 
very marked depression in volume secreted, there was some depression in pepsin 
concentration. It was observed that with the higher doses of urog^atrone, the 
pH of the gastric contents was neutral and the change in pepsin concentration 
could be due to irreversible inactivation of the pepsin present in the gastric 
juice. With smaller doses of the substances that caused a significant inhibition 
of ulceration no conclusive change in pepsin concentration was observed. 

Discussion. Shay and his collaborators (1) have suggested that the forma- 
tion of lesions in the rumen is due largely to the fact that this region of the stom- 
ach not normally exposed to digestive concentrations of acid and pepsin is unable 
imder the condition of the experiment to cope with the secretions that come in 
contact with it. By means of a stomach tube we have introduced into the 
stomach of the Shay rat 4 cc. of an acid-pepsin mixture roughly corresponding 
in concentration to the natural gastric juice of the rat, but have not observed 
lesions after periods up to 5 hours. Of course this volume of liquid engorges the 
stomach to such an extent that all parts are in contact with the digestive 
mkture. On the other hand, if 8 or 10 cc. of the same artificial gastric juice is 
introduced in the stomach very severe ulceration may occur withiri an hour. 
Since the concentration of acid and pepsin is the same in the two cases it has been 
concluded that the reason for the severe ulceration in the second case is the 
suddenly developed high intragastric pressure. This large volume causes a 
marked distention of the stomach and possibly acts by increasing the penetration 
of the artificial gastric juice into the mucosal tissue or causes localized ischemia 
by occlusion of the vascular bed. The importance of intragastric pressure 
should not be minimized in formulating any hypothesis of the mechanism 
whereby gastric lesions appear in the Shay rat. 

When ulceration is inhibited by extracts of intestines or urine there is a de- 
crease in the volume of gastric juice as well as a decrease in the concentration of 
acid in the secretions. A rough parallelism exists between the degree of ulcer 
inhibition and the depression in volume of acid concentration. Therefore, it 
would appear that in the Shay rat inhibition of gastric lesions by these extracts 
can be accounted for solely on the basis of their anti-secretory properties. 

SUMMARY 

The Shay rat is of value in the assay of the anti-secretory properties of paren- 
terally administered extracts of urine and intestines. By this procedure several 
different extracts have been assayed and their general order of activity appeared 
to agree with results obtained by other procedures that have been quoted in 
the literature. None of these preparations was active when given orally. 
It has been concluded that these extracts inhibit ulceration in the Shay rat 
by decreasing the volume of gastric secretion and the concentration of acid. 
They do not seem to have a specific effect upon pepsin secretion. No evidence 
has been found that an anti-ulcer activity other than that of secretory inhibition 
plays a part in the prevention of ulcers in this preparation. 
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Received for publication July 10, 1947 

That the secretion of the thyroid gland affects the response of the vaginal 
mucosa of the castrate rat to estrogens was first suggested by Reiss and Pereny 
(1928). They reported that the thyroid hormone was an antagonist of the 
ovarian hormone as evidenced by the fact that subcutaneous injections of 
thyroid autocoid not only prevented heat in normal female rats and mice but 
also inhibited the action of the ovarian hormone in castrate animals. 

Their observations were confirmed by Van Horn (1933). He fed desiccated 
thyroid powder to ovariectomized rats and observed their response to estrone by 
observing the cellular composition of vaginal smears. He found that approxi- 
mately three times as much estrogen was required to produce positive estrous 
smears as was net«3ssary before thyroid feeling. 

Halpern apd Hendryson (1935) reported that dinitrophenol, though producing 
an increased metabolic rate, did not completely inhibit estrus in the normal rat. 
The diestrual phase of the estrous cycle was lengthened considerably, however. 

Meyer and Wertz (1938) used desiccated thyroid powder, thyroid globulin and 
dl-thyroxin and found that treatment with these materials at moderate doses for 
three days did not interfere markedly with the action of estrone; however, treat- 
ment for more than five days increased the estrone threshold. 

Observations of the effects of hypothyroidism on the response of ovariec- 
tomized rats to estrogens are rather limited. Muller (1938) reported that 
thyroidectomy was without effect on the response of castrates to estradiol 
benzoate. This result seems to be contrary to what one would expect. Hypo- 
thyroidism might be expected to have an opposite effect to hyperthyroidism. 

Richter (1933), on the other hand, reported that vaginal smears taken on 
thyroidectomized animals with intact ovaries showed a persistence of cornified 
cells in the vaginal smears at all times as if there was a tendency toward a pro- 
longed estrual phase. At autopsy, the animals also showed hypertrophied uteri. 

The lack of quantitative data in the foregoing investigations seems to justify a 
detailed study of the effects of both hyper- and hypothyroidism on the response 
of spayed rats to estrone. 

Methods and results. Effects of daily doses of dl-thyroxin^. A series of 
experimejits was conducted to study the effects of both size and duration of 
thyroxin dosage on the response of ovariectomized rats to estrone. 

^ This paper is part of a thesis submitted to the University- of Colorado by W. Langham 
in partial fulfillment for the requirements of the Ph.D. degree. 

* Present addresses, U. of Calif. Los Alamos Scientific Laboratory, Los Alamos, New 
Mexico and U. of Nebraska, Lincoln, Nebr. respectively. 

* The dl-thyroxin used in these experiments was a synthetic crystalline product pur- 
chased from Hoffman-La Roche, Inc., Nutley, New Jersey. 
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Two hundred castrate rats were used for the experiments. The colony was 
maintained on a balanced composite diet and their average weight was about 
225 grams. The entire colony was injected with 1.5 Mg- of estrone. The 
animals were then divided into 4 groups of fifty animals each. The groups were 
selected to give approximately equal responses to the estrone dosage. 

One group served as the control and received no thyroxin prior to injection of 
estrogen. The other three groups received different doses of thyroxin daily over 
various periods of time. On the last day of each period of thyroxin dosage 1 .5 /xg- 
of estrone in 0.5 cc. of olive oil was administered by subcutaneous injection. 
Forty-eight hours later , corresponding to the time of maximum thyroxin effect 
(Meyer and Wertz, 1939), the response to estrone was determined by the method 
of ‘Vaginal smears” (Allen and Doisy, 1923). 

The effect of doses of 1, 2 and 3 /xg. of thyroxin per gram of body weight on the 
estrous response of ovariectomized rats was studied when the above doses were 
administered daily for periods of 3, 6, and 10 days. According to Meyer and 
Wertz (1939), doses of 1, 2, and 3 /xg- of thyroxin per gram of body weight 
administered daily for three days to normal rats produced an increase in oxygen 
consumption of 13, 20 and 25 to 40 per cent respectively. The thyroxin doses 
administered in these experiments were based on the initial body weight of the 
individual animals at the time each series of injections was begun. No change 
in the dosage was made to correct for weight loss occurring during a series of 
injections. The thyroxin was dissolved in 0.01 normal sodium hydroxide and 
injected subcutaneously. 

lletween successive periods of injection the animals were allowed to recover 
their lost weight. The recovery of their initial body weight was used as an 
indication of recovery from thyroxin effect and marked the beginning of the 
next series of injections. This proved, however, to be a poor indicator and 
evidence of cumulative effects of successive doses occurred in the results. 

A detailed analysis of the effects of size and duration of thyroxin dosage on the 
weight of these animals is given by plotting percentage loss in body weight 
against dosage of thyroxin in /xg. (fig. la) and against days of dosage (fig. lb). 
These gi’aphs show that weight change was a logarithmic function of both size 
and duration of dosage with thyroxin. The failure of the points representing 
the 2 and 3 /xg. doses (fig. lb) to fall on the uniform curves is probably indication 
of a cumulative effect as a result of failure to allow a sufficiently long recovery 
period between series of injections. The points of the curve representing the 
1 /xg. dose are in better agreement. Animals that received daily doses of 1, 2 
and 3/xg. of thyroxin per gram body Aveight for ten consecutive days lost 6.8, 
8.4 and 8.8 per cent of their original body Aveight respectively. As a result of a 
six day period of injection of the above doses the respective weight losses Avere 
5.9, 7.8 and 8.3 per cent of the original weight. When the dosage period was 
three days, the weight losses were 3.4, 5.0 and 5.1 per cent respectively. 

The data shoAving the effect of size and duration of thyroxin dosage on the 
response of ovariectomized rats to 1.5 /xg- of estrone are expressed graphically 
(fig. 2) by plotting dosage of dl-thyroxin in /xg- against per cent of animals giving 
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an estrous response. Reasonably uniform logarithmic curves were obtained for 
each period of dosage. The curves obtained when days of dosage are plotted 
against per cent response are not uniformly logarithmic (fig. 3) . This is probably 
a result of failure to allow a sufiSciently long recovery period between periods of 
injection. The groups of animals that received daily doses of 1, 2 and 3 Mg* of 
thyroxin per gram body weight for ten consecutive days were respectively 30, 15 
and 12 per cent as responsive to 1.5 Mg of estrone as was the control group. As a 
result of a six day period of injection of the above doses of thyroxin the observed 
estrous responses were respectively 47, 38 and 31 per cent of that of the controls. 
When the dosage period was three days the animals in each dosage group were 
respectively 77, 71 and 68 per cent as sensitive as the controls. 

Meyer and Wertz (1939) in their study of the calorigenic efficiency of thyroid 
material found that in both normal and thyroidectomized rats the influence of 
thyroxin adminstration on oxygen consumption was a logarithmic function of 
the dosage. When the foregoing results are considered in connection with their 
report, it seems reasonably well established that both weight loss and decrease in 
sensitivity of ovariectomized rats to estrone as a result of thyroxin dosage are 
directly proportional to the basal metabolic rate. These conclusions are in 
accord with the hypothesis of Van Horn (1933) that the decrease in sensitivity of 
hyperthyroid rats to estrone is probably a result of the effects of the increased 
metabolism on the rate of deactivation and elimination of estrogen. 

Some indication of the duration of thyroxin effect was obtained by testing the 
sensitivity of each group of rats to 1.5 Mg* of estrone at 14 and 28 days after the 
10-day period of thyroxin injection. These results are shown in table 1. It can 
be seen from these data that the sensitivity of each group was significantly below 
that of the control group after 14 days of recovery; after 28 days their response 
was essentially the same as the controls. 

Effect of thyroparathyroideciomy. One hundred and ten Yale strain rats were 
ovariectomized when about 60 days of age. Four weeks later they were injected 
with 1.3 Mg* of estrone and divided into two groups giving approximately equal 
response to the estrone dosage. One group was thyroparathyroidectomized 
immediately. The other group was kept as a control. 

No attempt was made to avoid removing the parathyroids during the thyroid 
operation. Forty-eight hours after operation over 50 per cent of the animals 
showed signs of parathyroid deficiency. Those showing severe symptoms were 
injected immediately with calcium gluconate. The regular diet was then 
supplemented daily with fresh skim milk to which was added a quantity of 
calcium lactate. The controls were treated likewise. This treatment was 
carried on throughout the experiment. No more symptoms of parathyroid 
tetany were observed. 

At the end of the experiment the animals were autopsied and the tracheal 
region examined for the presence of thyroid tissue. Five of the fifty-five animals 
showed incomplete thyroidectomy; these were eliminated from the final results. 

Beginning 10 days after thyroparathyroidectomy the response of each group 
to a subcutaneous injection of 1.3 Mg* of estrone in olive oil solution was deter- 
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named at 14-day intervals. During the fifth interval the thyroidectomized 
colony received three daily injections of 0.1 Mg. of thyroxin per gram of body 
weight, the last thyroxin administration coming on the same day as the estrone 
injection. The response to estrone was determined 48 hours after injection in 
the usual way. The data collected are presented graphically in figure 4. 

These results show that thyroparathyroidectomy produces an appreciable 
mcrease in the sensitivity of ovarieetomized rats to estrone. The mH.Yimiim 



Fig. 3. Effect of days of thyroxin dosage on response of ovarieetomized rats to 1.5 ur. of 
estrone. 


Fig. 4. Effect of thyroparathyroidectomy on response of ovarieetomized rats to 1.3 /tg. of 
estrone. 

effect was produced about 38 days after operation. Thirty-eight days after 
operation the thyroparathyroidectomized group was 7G per cent more sensitive 
to 1.3 ^ig. of estrone than was the control group. That the increase in sensitivity 
to estrogen was, at least in part, due to the h3rpothyroid condition of the animals 
was shown by the fact that daily administration of 0.1 jug. of thyroxin per gram 
of body weight for 3 days resulted in a decrease in sensitivity to only 41 per cent 
above the controls. The choice of thyroxin dosage was based on the report of 
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Meyer and Wertz (1939) that thyroidectomized rats were 25 to 30 times more 
sensitive to thyroxin than normal rats. Although the above dosage did not 
completely lower the response to normal it produced a significant effect. 

The increase in sensitivity of ovariectomized rats to estrone as a result of 
thyroidectomy is in keeping with Van Horn’s (1933) hypothesis that the level of 
metabolism affects the rate of elimination of estrogens from the body, thereby 
affecting response to estrogen administration. 

Effect of thiourea. An obvious way of studying the effect of hypothyroidism 
on response of ovariectomized rats to estrone is to inhibit the thyroid with some 
of the goitrogenic agents studied by MacKenzie and MacKenzie (1943) and 
Astwood et al. (1943). 

Virgin female rats were spayed at 50 to 60 days of age. Fifteen days after 
operation they were injected with 1.3 /ig. of estrone and divided into four groups 
of 45 animals each. The four groups were chosen to give approximately equal 
response to the estrone injection. 


TABLE 1 


The recovery of sensitivity to 1.6 ng. of estrone after 10-day injection period with various doses 

of thyroxin 


DOSE THYROXIN ng./gm. 
BODY WT. 

DAYS HJSCOVERY AND % RESPONSE 

0 

14 

28 

0 

66 

68 

66 

1 

20 

52 

68 

2 

10 

38 

74 

3 

8 

34 

70 


One group was kept as a control while the others received 0.05, 0.1 and 0.3 
per cent of thiourea respectively in the drinking water. 

During the first 24 hours 15 of the 135 animals (11 per cent) receiving the 
thiourea died. Eleven of the 15 were in the group receiving the lowest dosage 
(0,05 per cent). Autopsy revealed that the lungs were covered with hemor- 
rhagic areas and that the chest cavity was almost completely filled with a clear 
fluid. 

Throughout the experimental period records were kept of the weights of the 
animals in each group. These data are presented graphically in figure 5. The 
toxicity of the initial dose of thiourea was evidenced by marked loss in weight 
during the first 24 hours. 

Beginning 12 days after the start of thiourea treatment the response of each 
group to 1.3 Mg- of estrone was determined at approximately fourteen-day inter- 
vals until 4 determinations were made. 

The data showing the effects of the various doses of thiourea on the response 
of ovariectomized rats to estrone are presented in figure 6 by plotting the per- 
centage of animals giving an estrus response versus days of thiourea dosage. 
These results were rather surprising in that a significant decrease in sensitivity 
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occurred at first, after which the sensitivity began to increase. After 12 days of 
thiourea treatment those animals that received 0.05 and 0.1 per cent thiourea 
gave a respo^ to 1.3 ng. of estrone which was only 46 per cent of that of the 
normals. After 42 days of treatment the groups receiving 0.05 and 0.1 per cent 
tmourea attained a degree of sensitivity approaching that of surgically thy- 
roidectomized animals. The immediate decrease in sensitivity to estrone may 
ave teen a manifestation of the toxic symptoms of the initial dose of thiourea. 
Alter the initial toxic symptoms were overcome the effects of hypothyroidism 
may have become predominant resulting in the expected increase in sensitivity 



Fig. 5. Effect of thiourea on weight gain of ovariectomized rats. 

Fig. 6. Effect of thiourea on response of ovariectomized rats to 1.3 ng. of estrone. 

Fig. / . Dosage response curves of ovariectomized rats to estrone at three different levels 
of thyroid function. 

The e^reme toxic nature of thiourea may also explain why the group of animnla 
receiving 0.3 per cent thiourea remained somewhat less sensitive to estrogen than 
aid the other two groups. 

To make certain that inhibition of the thyroid gland had resulted from the 
thiourea treatment 6 animals from each group were killed at the end of the 
experiment and the fresh weights of the thyroids determined. The data are 
given m table 2. These data show that extreme hyperplasia of the thsToid had 
occurred. In addition to being greatly enlarged, the thyroid glands in the 
treated rats were strikingly hyperemic. 

Effect of level of thyroid function on the rat unit of estrone. In the previous 
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experiments the work was so arranged that an additional injection provided data 
which the rat unit of 'estrone could be determined on groups of rats at 
three different levels of thyroid function. The unit was determined on the 
thyroparathyroidectomized colony, a control colony and a group that had 
received 2 fig. of thyroxin per gram of body weight for 6 days prior to each 
estrone injection. The dosage response curve for each colony is given in figure 7. 

These results show that the level of thyroid function significantly affects the 
rat unit of estrone For the normal castrate colony the rat unit was 1.33 fig. as 
compared to 2.5 for the hyperthyroid group and 0.86 for the thyroparathy- 
roidectomized colony. 

TABLE 2 


Effect of thiourea on fresh weight of the thyroid gland of ovariectomized rats 


DOSAGE GXOUP 

AV. XAT WT.* GM. 

AV. GLAND Vn* MG. 

AV. GLAND WT.*MGM./100 GM. 
BODY WT. 

Control 

265 

11.5 

4.5 

0.05% 

228 

21.8 

9.5 

0.1% 

196 

21.7 

11.1 

0.3% 

168 

23.6 

14.0 


* Av. of 6 animals. 


SUMMARY 

The daily administration of dl-thyroxin by subcutaneous injection at dosage 
levels of 1, 2 and 3 Mg. per gram of body weight for 3, 6 and 10 days decreased the 
estrus response of ovariectomized rats to 1.5 Mg. of estrone as determined by the 
method of vaginal smears. Both the weight loss and the decrease in sensitivity 
to estrone appeared to be logarithmic functions of the thyroxin dosage . Twenty- 
eight days after a 10-day period of thyroxin dosage the response to estrone had 
returned to normal. 

Thyroparathyroidectomy resulted in an increase in estrus response of ovariec- 
tomized rats to 1.3 Mg. of estrone. The response of a group of 50 operated ani- 
mals was 76 per cent above that of the controls 38 days after operation. The 
increased sensitivity was partially corrected by three daily injections of 0.1 Mg- of 
thyroxin per gram of body weight. 

The daily administration of thiourea at levels of 0.05, 0.1 and 0.3 per cent in 
the drinking water of ovariectomized rats over a period of 70 days inhibited 
growth and produced marked hyperemia and enlargement of the thyroid gland. 
The estrus response of spayed rats to 1.3 Mg. of estrone was first reduced and then 
increased as dosage with thiourea continued. After 42 days of dosage the re- 
sponse to estrone approached that of surgically thyroparathyroidectomized rats. 

The rat unit of estrone was determined at three different levels of thyroid 
function. The unit as determined on a normal ovariectomized colony was 1.33 
Mg. On a thyroparathyroidectomized colony it was 0.86 Mg.> Q-Bd when deter- 
mined on a colony rendered hyperthyroid by 6 daily injections of 2 Mg. of thy- 
roxin per gram of body weight the unit was 2^r50 Mg- 
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